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Abstract 

This thesis was written as a multi-disciplinary effort to analyse the use and management of geothermal 

resources from a regulatory, economic, and technical perspective with the final aim being to contribute 

to their sustainable use. The main research question to be answered is: ‘How sustainable is the use 

and management of geothermal energy resources in New Zealand, and what improvements to resource 

assessment, management, and monitoring may be desirable to achieve better sustainable 

management of the resource?’ Chapter 1 outlines the background for this thesis and research question. 

The consideration of this question is split into two parts. 

 

The first part (Chapter 2) focuses on the first, regulatory part of the above research question, and 

explores in detail how (geothermal) sustainability is defined, around the world and in New Zealand. In 

this thesis, the chosen definition of sustainability is considered a process for managing natural, 

renewable resources, reaching some level of equilibrium between resources needed for development 

in the present (rate of use) and the rate of renewal/conservation of resources available for future 

generations, while avoiding irreversibility in damages, permanent depletion, and continual 

diminution/collapse to renewal rates. It is also argued that sustainability is not an absolute concept but 

should be measured on a spectrum or scale and along multiple dimensions, with possible trade-offs in 

practice. This thesis focuses on the availability (longevity) and management of (geothermal) resources 

per se for future generations. A scale is defined from very weak - weak - strong - very strong 

sustainability.  

 

Chapter 2 continues to describe the implementation of sustainable geothermal management in New 

Zealand under the Resource Management Act (RMA, 1991) through regional policies, plans, and 

reporting practices. Although the original intent of the RMA (1991) might have been for strong 

sustainability and the definition of hard ‘bottom lines’, in its final formulation and implementation in reality 

over the last three decades, a weaker form of sustainability has generally prevailed. However, a 

comparison with some of the other main geothermal countries around the world shows that New 

Zealand still has one of the stricter definitions and implementations of sustainable geothermal resource 

management, comparable only to Iceland.  

 

One of the central policy choices in New Zealand’s regions has been to use a hierarchical, portfolio 

approach whereby a significant share of the geothermal resources is protected, while a limited number 

of systems are allowed for development under controlled depletion over 50-100 years, followed by 

allowing such systems to lie fallow for a similar period and subsequent recuperation. This way, ‘weak’ 

sustainability on an individual development system basis is complemented by protection, rotation, and 

recuperation on a portfolio scale (weak+ sustainability). However, the monitoring and management of 

this overall policy is hampered by the lack of a harmonised geothermal resource assessment framework 

and infrequent monitoring and reporting, especially on the quantification of potentially additional 

resources available for future development and for conservation. Improvement of such resource 

assessment and management frameworks is one of the main recommendations. 
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The second part of this thesis (Chapters 3 and 4) focuses on the main engineering part of the above 

research question and compares different geothermal vs petroleum and mining resource assessment 

and reporting frameworks. This thesis chooses the new UNFC resource assessment framework and 

geothermal specifications (UNECE-IGA, 2016), and adapts it to the New Zealand regulatory 

requirements. This framework is then applied to a detailed case study – Ohaaki – over the more than 

50 years of its exploration and development. Technical lessons on which units to use, categories to 

report, assumptions to clarify, etc. are discussed, as well as lessons to implement this adapted UNFC 

framework to all NZ geothermal resources. The first results of this analysis are presented in the final 

Chapter 5, as well as a discussion on how this could assist in improving the sustainability of New 

Zealand geothermal resource management. 
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Chapter 1 Introduction and Research Question 

1.1 Background and motivation 

The following thesis was written as a multi-disciplinary exercise to analyse the use of geothermal 

resources from regulatory, economic, and technical perspectives, with the final aim to contribute to the 

understanding and sustainable management of geothermal resources by integrating the insights from 

these perspectives in a new way. 

 

The motivation for this research came after spending years consulting and researching (renewable) 

electricity and gas markets and policies in Europe, Africa, and Latin America. When coming to New 

Zealand, a new world opened up with exceptional opportunities in renewable energy resources and a 

focus on sustainable resource management. This triggered my research interest, but at first, I had little 

knowledge on the ins and outs of geothermal energy or the intricacies of sustainable resource 

management. My eyes were opened when comparing geothermal policy and regulations between 

different countries, finding little consistency in definitions or quantification tools to measure, monitor and 

implement sustainability, however, the concept of sustainability was defined in different countries. This 

focused my interest on the issue that whatever the definition of sustainability in a certain jurisdiction 

may be, without proper measurement and assessment tools, it would be difficult to monitor and 

evaluate. Combined with previous knowledge from gas markets, this led to the focus on using and 

comparing standardised assessment and portfolio management frameworks such as SPE-PRMS 

(2011). At the time, the geothermal sector had been finding some global agreement on using the 

Australian Code (AGEA, 2010), but during the research, this was replaced by the UNFC Resource 

Framework Classification (UNECE, 2013), since then updated with UNECE, (2020) and the UNECE-

IGA Geothermal Specifications (2016). Assessing the usefulness and requirements for using the latter, 

a harmonised resource assessment and portfolio management framework to improve the sustainable 

management of geothermal resources in New Zealand (and beyond) became the focus of this research. 

The present work focuses on high temperature and enthalpy resources for power generation, but similar 

lessons could be learnt for lower temperature geothermal systems and direct heat use.  

 

1.2  Research question and outline of thesis 

The main research question can be formulated as follows: 

How sustainable is the use and management of geothermal energy resources in New Zealand, and 

what improvements to resource assessment, management, and monitoring may be desirable to achieve 

better sustainable management of the resource?  

 

In this engineering thesis, the focus is on the physical resource availability side of geothermal 

sustainability rather than other (environmental) impacts or effects.  

 

To answer the above questions, the thesis is structured as described below. 
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Chapter 2 explores different definitions of sustainability and sustainable development (internationally) 

and formulates a scale of (very) weak to (very) strong sustainability. This is then related to geothermal 

resources and the specific context of the New Zealand RMA, which defines the slightly different concept 

of sustainable management. Subsequently a brief comparison is made with geothermal resource 

management in other countries. On top of that the three oldest and main New Zealand geothermal 

systems are reviewed in the context of the above sustainability scale. This supports the analysis on 

what constitutes sustainability in the geothermal context in New Zealand in practice, as well as the 

selection of the detailed Ohaaki case study presented in Chapter 4. With this, the first (regulatory) part 

of the research question can be answered on ‘how sustainable’ NZ geothermal resource use and 

management is.  

 

Subsequently the thesis’ focus changes to what (engineering) improvements can be made to resource 

assessment and monitoring to improve sustainable management in New Zealand.  

 

Chapter 3 goes into more detail on the engineering aspects of geothermal systems, resource 

assessment methods and resource portfolio management systems. The example of petroleum and 

mineral resource management systems are used to help make the case for an improved geothermal 

resource management system. A proposal is presented for a version of the new United Nations 

Framework Classification system, specifically adapted to New Zealand’s regulatory, resource 

management and energy planning context proposed.  

 

This proposed Geothermal Resource Management System is then applied to the Ohaaki case study in 

Chapter 4 to derive lessons, both on the Ohaaki resources and development history, and on the 

usefulness and applicability of this proposed system to overall geothermal resource management, and 

the potential to improve sustainable management in New Zealand. 

 

Chapter 5 summarises the thesis and concludes on the overall research question. 
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Chapter 2 Defining Geothermal Sustainability and NZ context 

The research question, as defined in Chapter 1, consists of two parts: the second part seeks to find 

possible (engineering) solutions and improvements to geothermal resource assessment, management, 

and monitoring to enhance sustainable geothermal resource management in New Zealand. In order to 

address this part of the question, one must first understand the first part of the question. To this end, 

this chapter explores how sustainability and sustainable development are defined globally, and how 

geothermal resources have been developed and managed in New Zealand.  

 

Section 2.1 explores (international) discussions and definitions of ‘sustainability, ‘renewability’, and 

‘sustainable development’ and tries to move away from a simple dichotomous ‘sustainable or not’, ‘weak 

vs strong’ view of sustainability. In conclusion, a multi-dimensional, flexible definition of sustainability is 

described/embraced, with a scale or spectrum of (very) weak to (very) strong sustainability, which 

should assist in describing ‘how sustainable’ geothermal practices in NZ are and what opportunities for 

gradual improvement can be identified.  

  

To have a practical impact, such definitions of sustainability need to be implemented into (national) 

regulatory schemes and put into practice. Section 2.2 describes how the same concepts of renewability, 

sustainability and sustainable management are further defined and implemented for natural resources 

in the New Zealand/RMA context. 

 

Section 2.3 then specifically describes geothermal development and history in New Zealand, including 

the changes in geothermal resource management and implementation of geothermal resource 

management through regional policies, plans and case law. It also describes (in non-technical terms) 

how geothermal sustainability is required to be demonstrated, quantified and modelled in consent 

applications and monitoring. 

 

Section 2.4 then reviews case studies on the management of three individual geothermal systems in 

New Zealand and their placement on the defined sustainability scale or spectrum. Together with Section 

2.3, this makes it possible to answer ‘How sustainable’ geothermal use and management in NZ is, and 

where some of the weaknesses are. 

 

Section 2.5 compares geothermal resource management in other countries, showing NZ is already 

reasonably advanced in its sustainable geothermal management. 
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2.1  International definitions and interpretations of sustainability 

Much of the contemporary discussion around ‘sustainability’, ‘sustainable development’ and 

‘sustainable management’ has been informed by the publication of the Brundtland Report of the United 

Nations (World Commission on Environment and Development, 1987). As (Bosselmann, 2013) 

indicates, the concept goes back even further, e.g., to the World Conservation Strategy (1980),1 but the 

concept and the need for sustainability “is probably as old as humanity’s struggle with the forces of 

nature” (Bosselmann, 2013, p. 95). There is an inherent struggle to balance civilizations’ needs to alter 

their physical and natural environment to their advantage on the one hand, with the need to manage 

the associated environmental problems2 on the other hand. The failure to do the latter has been 

plausibly linked to the collapse of some ancient civilisations, especially in the Pacific and Central 

America (Diamond, 2005).  

 

The Brundtland Report (1987) brought earlier ‘natural’ themes together with notions of ‘fairness’ (both 

between parts of the globe and generations), popularised the concept on a global scale and became 

the starting point for subsequent international policies (e.g., Rio Earth Summit, 1992 and subsequent 

climate change agreements) and national policies. The Report states: “Sustainable development is 

development that meets the needs of the present without compromising the ability of future generations 

to meet their own needs” (p. 41). Two aspects are detailed further:  

 

It contains within it two key concepts: 

• The concepts of ‘needs’, in particular, the essential needs of the world’s poor, to 

which the overriding priority should be given; and 

• The idea of limitations imposed by the state of technology and social organisation on 

the environment’s ability to meet present and future needs. (p. 41) 

 

Since the Brundtland Report, the concepts of ‘sustainable development’ and ‘sustainability’ have been 

extensively used in national and international environmental debates, with multiple interpretations and 

often in combination with words such as ‘renewable’, ‘growth’, ‘use’ and ‘management’ (Grinlinton, 

2013).  

 

In this thesis, the focus is on resource sustainability / renewability / longevity and how to assess this 

sustainability dimension, while keeping in mind that geothermal projects have many other 

environmental impacts / effects and contribute to GHG reduction goals due to generally low GHG-

emission / kWh (e.g. Campen van & Suomalainen, 2020, McLean & Richardson, 2019 ). 

 

 
1 Sustainable development was first mentioned in IUCN/UNEP/WWF, World Conservation Strategy: living resource conservation 
for sustainable development, 1980. 
2 Environmental problems such as drought, desertification, loss of vegetation and/or food stock species. 

http://en.wikipedia.org/wiki/Brundtland_Commission
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2.1.1 Resource and energy renewability and sustainability 

Renewability and sustainability are not terms that should be used interchangeably in the context of 

geothermal energy and, for better clarity, are defined separately.  

 

Renewable literally means ‘to make new again’, and a renewable resource generally refers to one that 

is naturally replenished with time. Renewable energy sources then refer to sources such as solar, wind, 

hydro, biomass and geothermal that naturally renew over human timescales. This contrasts with non-

renewable (energy) resources such as fossil fuels that were created over millions of years. Stefansson 

(2000) describes ‘renewable’ as a property of the resource: regeneration – generally seen on a human 

timescale. This is associated with a certain rate of renewal (e.g. rate of forest growth, fish reproduction, 

wind flow, or the influx of sunshine). 

 

The term sustainable literally refers to something that can be maintained over a defined period, and in 

this context, over a long period of time (for future generations). Having a renewable resource, but using 

more of it over a period than the rate of renewal, would lead to a decline in the natural stock and potential 

complete depletion (e.g., faster harvesting of trees in forestry or fish in certain waters). Hence, the 

sustainable use of a renewable resource generally refers to a certain balance or equilibrium being 

reached between the ‘rate of renewal’ and the ‘rate of use’. (Stefansson, 2000) states that ‘sustainable’ 

applies to the use of that resource by humans (and hence to sustainable management, or development), 

so a “continuous sustainable yield can be obtained”(Stefansson, 2000, p.884). He applies this to the 

examples of (geothermal) energy resources and fisheries and concludes:  

 

In order to obtain sustainable exploitation of an energy resource, the resource has to be 

renewable. Sustainable operation is characterised by some kind of equilibrium. For a long time 

operation, it is not possible to extract more energy out of the system than the amount of energy 

entering into the system. Therefore, sustainable exploitation can only be obtained from 

renewable energy resources. (p. 884) 

 

How and at what level a sustainable equilibrium can be reached gives rise to further debate and grey 

areas such as weak vs strong sustainability (see Section 2.1.2), including in the geothermal energy 

context (see Section 2.3). In general, sustainability is not an absolute black-and-white issue, and 

different perspectives exist on the sustainability of geothermal energy resources. Most would agree that 

geothermal energy is a renewable resource because exploitable geothermal systems/aquifers are 

continuously replenished from vast energy flows from the earth's interior, and natural geothermal 

systems have been recharging in this way for many thousands of years (see also Section 3.1). However, 

the rate that many producing geothermal energy systems are used is often higher than their rate of 

renewal on a project timescale. This can lead to a (partial, temporary) depletion of such a geothermal 

system or a creation of a new equilibrium (see Section 2.1.3 and the case studies in 2.4). In order to 

understand how ‘sustainable’ natural (geothermal or other) resource use is, it is necessary to discuss 

scales of sustainability. 
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2.1.2 Scales of (very) weak to (very) strong sustainability 

Various authors have tried to explore the concept of sustainability further, often distinguishing between 

‘weak’ and ‘strong’. For example, Grinlinton and Taylor (2011) discuss scales of sustainability in these 

terms (author’s bold): 

  

The term ‘sustainability,’ as used here, is intended to describe ‘strong’ sustainability; that is, 

providing for the needs and interests of human beings through social, cultural, and economic 

activity that occurs within the limits of Earth’s ecological carrying capacity. Strong sustainability 

is distinguished from ‘weak’ sustainability, which proposes minimisation of environmental 

“externalities” rather than strict constraints on the use of resources, thus enabling continued 

trade-offs between economic growth and environmental protection. ‘Weak' sustainability fails 

to recognise the finite capacity of ecological systems and the fact that these systems are being 

eroded by the cumulative impact of individual actions across interconnected systems and over 

large temporal and spatial scales. Weak sustainability enables trade-offs because it continues 

to prioritise economic growth, arguing that harms can be repaired later through improved 

technological “fixes,” or that the functions of degraded natural systems can be substituted by 

human technologies. (pp.12-13) 

 

Many authors criticise a strict dichotomy between ‘weak’ and ‘strong sustainability’ as not useful or 

practical in a real-world context with real projects, people and multiple sustainability dimensions. 

Several writers discuss potential solutions and possible states in between or ways to reconcile the two 

extremes and come to workable solutions,  

 

Hediger (1999) conceptualises an approach to reconcile ‘weak’ and ‘strong’ sustainability and then 

proposes an analytical structure. He later expands on this structure (Hediger, 2006) and applies it 

(among others) to the sustainable assessment of hydro-electric projects (e.g., Voegeli et al., 2019). 

 

Hediger first reviews different ideas and definitions of sustainability and sustainable development, 

starting with the report of the Brundtland Commission in 1987, and – as have many others – notes the 

multiple dimensions (socio-economic as well as multiple natural/physical) that are generally included 

and the trade-offs that are often needed between these dimensions. He states that much of the present 

literature neglects these trade-offs by concentrating on one dimension or the other. This is reflected in 

the ‘mutually exclusive’ concepts of “weak” and “strong” sustainability (Hediger, 1999), with a general 

division between economists and environmentalists. “An integrated approach is required” (Hediger, 

1999, p.1121). 

 

The multiple dimensions and concepts within ‘sustainable development’ as elaborated since the 

Brundtland Report (1987) implies limitations on economic development. However, these limitations are 

not seen as absolute, but determined by institutional arrangements and technologies, as well as the 

current capacity of the global life-support system/environment. 
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Weak sustainability is then generally seen as a concept/state where the economic principle is based 

on neoclassical capital theory, where the value of aggregate capital must be kept constant over time 

(e.g., Solow, 1974), implying basic substitutability of human-made and natural capital. On the other 

hand, others favour the concept of strong sustainability derived from ecological economics, posing 

that “the economy is an open subsystem of the finite and non-growing global ecosystem” (Costanza et 

al., 1991, as cited in Hediger, 1999, p.1123). It implies that the physical properties of the ecosystem 

must be maintained, denying the above substitutability. As a minimum necessary condition, “’strong 

sustainability’ requires that the total stock of natural capital remains constant over time” (Costanza et 

al., 1991, as cited in Hediger, 1999, p.1123). 

 

However, Hediger and others criticise the dichotomy of this division and explore more ‘integrated’ 

options in-between. For example, Rennings and Wiggering (1997) promote “strong sustainability” and 

deny the degree of substitution that weak sustainability assumes, but focus on some critical elements 

of natural capital (not all the natural stock), and hence plead for a combination of strong sustainability 

indicators (for critical, irreversible elements) and weak sustainability indicators. They link these to 

irreversible damage and regeneration potential. In this context, Barbier and Markandya (1990) also 

emphasize the critical elements of irreversible loss of natural capital stock and environmental quality 

that needs to be avoided. 

Figure 1 

Aggregates of Economic and Environmental Capital (Hediger, 1999) 
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Taking the above elements into account, Hediger (1999) elaborates upon a wider, more operational 

concept of human and natural capital that includes both renewable and non-renewable resources, 

concepts of ecosystem capital and natural/environmental capital (see Figure 1), also including 

sensitivities to irreversible damages to the ecosystem capital.  

 

He argues with some of the above authors that where there are critical/non-substitutable components 

of the ecosystem, strong sustainability is desirable. “However, this does not necessarily imply a 

stationary-state economy, and conservation of every ecosystem and environmental asset” (Hediger, 

1999, p.1128). Beyond the critical, irreversible, non-substitutable elements of the ecological, there is 

then room to analyse the opportunity space between weak and strong sustainability. 

 

As illustrated in Figure 1, Hediger defines economic capital as an economy’s generalised productive 

capacity. It does not include natural resources or ecological assets that are not being used. Ecological 

capital (ecosystem capital) consists of the total of renewable stocks, such as geothermal (used and 

non-used), natural land areas and eco-functions (such as climatic conditions and resilience of 

ecosystems) and determines the overall environmental quality of the ecosystem. The non-used 

ecological (geothermal) assets are essential and valuable from a total system perspective. 

Natural/environmental capital is defined as the wider natural resource base of an area and consists of 

the ecological capital (above), as well as stocks of non-renewable resources. Total capital is an 

aggregate of overlapping compartments of economic and natural capital (ecological capital and non-

renewable resources). 

 

On the basis of this expanded definition of human/economic, natural/environmental and ecological 

capital, Hediger initially defines a wider range of four levels of sustainability on a sliding scale or 

spectrum: Very weak – weak – strong – very strong sustainability (Hediger, 2000). 

 

In this framework, very weak sustainability is the original weak (Solow) sustainability, with easy trade-

offs between human/economic and natural capital. According to Hediger, very weak sustainability is 

effectively defined with respect to economic capital alone; the objective is to (at least) maintain (real) 

income per capita over time (Hediger, 2000). 

 

Weak sustainability is defined with respect to total capital. It allows for trade-offs between economic 

and natural capital but does not require either to be maintained intact over time. But it does require that 

some suitably defined value of ecological services and stocks should be maintained over time; hence, 

a focus on analysing, planning and monitoring a whole portfolio or resources, rather than individual 

projects in isolation. This involves a distinction between renewable resources that are harvested and 

those that are not yet utilized (Hediger, 1999). Some of the debate on the minimum value of ecological 

services starts approaching the discussions under ‘strong sustainability’ on maintaining minimum 

resilient and critical ecological processes (Pearce et al., 1994; Turner et al., 1994; Hediger, 2000). 
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Strong sustainability is defined with respect to ecological capital. The objective of strong sustainability 

is to maintain the ecological capital at the original level, and this is therefore seen as of far greater value 

than human/economic capital. Strong sustainability implies a physical principle/limit, but it is often 

difficult to define what these principles/limits are, except for in special cases or in the context of a 

particular problem. This approach has been widely used in forestry (see Hediger, 2006). 

 

Very strong sustainability can be seen as a special condition of strong sustainability and refers to the 

discussed stationary-state principle/conditions for the ecosystem, which implies limiting population and 

economic growth to ‘0’ and enforcing technology progress, so throughput of resources and energy 

reduces over time. In its most restrictive version, very strong sustainability requires a ‘set of stationary 

state constraints’ to be imposed on development and the wider economy (Costanza et al., 1991, as 

referenced in Hediger, 2006; Daly, 1991). No trade-offs are possible with either economic capital or 

with other sustainability/ecological dimensions.  

 

In contrast to this very restrictive definition, some proponents of strong sustainability describe this not 

in terms of ‘preservation of every single ecological asset, but into a set of ecological criteria (Safe 

Minimum Sustainability Standards) that are defined by the rate of regeneration and the assimilative 

capacity of the environment’ (Costanza et al., 1991, as referenced in Hediger, 2006). Other critical 

issues that should be addressed in this context are the stability and resilience of ecosystems and the 

non-substitutability of some components of the ecological capital. 

 

Sustainable Development: integrated weak and strong sustainability 

As discussed before, the Brundtland/WCED definition of sustainability and sustainable development 

includes both social and natural/environmental dimensions of sustainability. This also implies the 

opportunity for trade-offs between different sustainable development dimensions and goals. On the 

other hand, Brundtland/WCED (1987) also requires that ‘the adverse impacts on the quality of air, water 

and other natural elements are minimised so as to sustain the ecosystem’s overall integrity’ (p. 46)   

 

Hediger, therefore, places sustainable development (as described above) between these weak and 

strong definitions in aggregate, requiring compliance with critical levels of natural/ecosystem capital and 

basic human needs. “Sustainable development requires maintaining ecosystem capital above some 

critical level (consistent with ecosystem resilience). This is less restrictive than strong sustainability but 

more restrictive than the weak sustainability principle.” (p.364). Hediger (2000) poses that this is crucial 

for making sustainable development a meaningful and operational concept, allowing the evaluation of 

trade-offs.  

 

The above-described conceptual framework for a sustainability spectrum or scale of very weak – weak 

– strong – very strong should help in answering the first part of this thesis’ research question on ‘How 

sustainable is the use and management of geothermal energy resources in New Zealand’ (see Chapter 

1). 
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In the next section, it is shown that geothermal energy is a renewable resource. Geothermal energy 

has the long-term capacity of recharge and renewal. However, in contrast to many natural/biological 

systems (e.g., forestry, fisheries), the rate of recharge/renewal does not decrease with higher 

use/extraction, but – if well managed – actually increases above the natural rate. Additionally, draw-

down/depletion is generally reversible within similar, human timescales as the period of usage (see 

also Section 3.1.1 for a general description of geothermal systems and their use).  

 

Section 2.1.3 below further explores (very) weak and (very) strong sustainability in the geothermal 

context. After that, the case studies in Section 2.4 describe intermediate stages between the weak and 

strong sustainability poles for some of the oldest geothermal energy systems in New Zealand. 

 

2.1.3 Sustainability in the international geothermal context   

There has been limited debate, and no consensus, in the international literature about sustainability in 

the geothermal context (e.g., Rybach et al., 2000; Rybach & Mongillio, 2006; Sanyal, 2005; Sanyal & 

Sarmiento, 2005; Stefansson, 2000). Axelsson et al. (2005) state that in the geothermal context, 

sustainability has received limited attention, although production horizons are often of concern to the 

geothermal community.  

 

They also make a distinction between renewable and sustainable: the former in principle concerning 

the nature of a resource, the latter applying to how a resource is utilised. Stefansson (2000) applies the 

useful analogy of fish stocks; because fish populations reproduce themselves, they are a renewable 

resource, but overfishing leading to population collapse is an unsustainable rate of take. In the 

geothermal context, most commercial projects operate with a rate of production exceeding natural heat 

and fluid recharge rates. Hence, exploitation will not be sustainable at that rate for an indefinite period.  

 

As mentioned above, Stefansson applies a strict separation of renewability and sustainability to 

geothermal resources but fails to further define the ‘intermediate grey area’ of when and in what 

timeframe (or spatial distribution) an equilibrium can be called sustainable.  

  

Axelsson et al. (2005) come to the definition that “Sustainable geothermal utilisation involves energy 

production at a rate, which may be maintained for a very long time (100-300 years)” (p. 7). Sanyal  

(2005) adopts a similar approach and “essentially equates renewable capacity to the natural conductive 

plus convective heat recharge rate into a geothermal reservoir, which remains constant over geologic 

time (that is, tens of thousands of years) in the natural state” (p. 1). He then empirically explores different 

levels of sustainable production of existing systems, with production ranging from 5 to 45 times the rate 

of renewal.  

 

Axelsson (2010) also defines four models of sustainable use, which could be seen as ‘filling in the dots’ 

in the grey areas between weak and strong sustainability:  
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(1) Constant production below the rate of renewal (very strong sustainability);  

(2) Step-wise increase in production until a ‘sustainable’ equilibrium is reached – (e.g., 

Kawerau);  

(3) Intermittent, excessive production with breaks (e.g., Wairakei-Tauhara); and  

(4) Reduced production after a shorter period of heavy production (e.g., Ohaaki). 

 

Obviously, the first model represents the most sustainable use, but it should be recognised that - due 

to economies-of-scale – most large-scale geothermal projects around the world are extracting heat and 

fluid at a faster rate from the reservoir (generally situated, drilled, and extracted from the top-1,000-

3,000 meters) than heat and fluid are recharged from the deeper resources below. Although the 

lowering of temperature and pressure in the main production reservoir often increases the recharge 

from below above the natural rate (see O'Sullivan et al., 2010), the net effect still is generally a net 

‘mining’ of the heat resource from the reservoir rock, hence indicating finite use. After extensive use, a 

geothermal system can be rested and will generally recharge in a timeframe that is in the same order 

of magnitude as the previous production time (e.g., EPA-BoI, 2010; Luketina, 2012;  Bromley & Reeves, 

2013).   

O'Sullivan et al., 2010) estimated for Wairakei that recharge times (after resting) would be around 3.75 

times the production time. If one compares this to petroleum resources (see Sections 3.2 and 3.3), 

where fossil fuel originates over geological time scales, it could be argued that geothermal recharge 

timeframes are more on a human time scale. Examples of Axelsson’s sustainability model-2, -3, and -

4 are discussed as case studies in Section 2.4. 

 

2.2 Sustainability in the New Zealand regulatory RMA context 

As mentioned at the start of Chapter 2, to have practical impact, (global) definitions of sustainability and 

sustainable development, need to be implemented within a national regulatory context to achieve 

meaning and impact in practice. New Zealand has a unique approach to sustainability through its own 

definition and implementation of ‘sustainable management’ under the Resource Management Act 

(RMA). This section describes how the concepts of renewability, sustainability and sustainable 

management are defined and implemented in New Zealand. Recently the government has announced 

its intention to replace the RMA. 

 

2.2.1 RMA definition of sustainability and renewable energy 

As discussed at length in earlier publications (e.g. Campen van & Rai, 2015; Campen van & 

Petursdottir, 2016), compared to most other (geothermal) countries, New Zealand has a particular 

regulation of its geothermal and other natural resources through the Resource Management Act (RMA, 

1991). Whereas most countries have resource ownership and access regulated separately from 
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environmental impact regulation, for natural resources such as water and geothermal, New Zealand 

combines these under one piece of legislation, the RMA.3 

 

This wide-ranging Act regulates the use of natural and physical resources such as land, air, and water, 

with sustainable management and use of those resources being the overriding goal. New Zealand's 

Ministry for the Environment describes the RMA as New Zealand's principal legislation for 

environmental management. At the time, RMA repealed and replaced more than 50 pieces of existing 

legislation (Grinlinton, 2021). It is also the principal legislation controlling the use of geothermal 

resources in New Zealand, replacing most previous Acts (see Section 2.3). 

 

The RMA covers the use of the natural (geothermal) resources themselves, as well as a wide range of 

impacts, including resource off-take, disposal/reinjection, emissions to air and water, as well as 

ecosystem and community impacts. Section 5 of the RMA defines the purpose and meaning of 

sustainable management (author’s bold): 

 

(1) The purpose of this Act is to promote the sustainable management of natural and physical 

resources. 

(2) In this Act, sustainable management means managing the use, development, and 

protection of natural and physical resources in a way, or at a rate which enables people and 

communities to provide for their social, economic, and cultural well-being and for their health 

and safety while - 

(a) Sustaining the potential of natural and physical resources (excluding minerals) to meet 

the reasonably foreseeable needs of future generations; and 

(b) Safeguarding the life-supporting capacity of air, water, soil, and ecosystems; and 

(c) Avoiding, remedying or mitigating any adverse effects of activities on the environment.“ 

(RMA, Part II. s 5) 

 

The application of Section 5 in consideration of applications for resource consent often involves an 

‘overall broad judgement’4 of whether a proposal will promote the sustainable management of natural 

and physical resources. It is important to note that the RMA specifically talks about ‘sustainable 

management’ to differentiate from ‘sustainable development’ as in the Brundtland definition. As 

described in Section 2.1, the Brundtland report added the notions of ‘fairness’ and ‘essential needs of 

the world’s poor’ to the ‘natural’ and environmental elements in the discussion on sustainability and 

 
3 Note that mining, fisheries and, to some extent, forestry ownership and access regimes are under other legislation. For these, 
only environmental externalities fall under the RMA. 
4 This is a complex area influenced by recent case law. The recent Court of Appeal decision in RJ Davidson Family Trust v 

Marlborough District Council [2018] NZCA 316 confirmed that an ‘overall broad judgment’ approach based on s 5, RMA, by a 
decision-maker is still appropriate in considering resource consent applications. This clarified the effect of the earlier Supreme 
Court decision in Environmental Defence Society Inc v The New Zealand King Salmon Co Ltd [2014] NZSC 38, [2014] 1 NZLR 

593, where it was held that the ‘overall broad judgment’ approach could not be applied to override clear policies and rules 
constraining natural resource development in national and regional policy and planning instruments. However, where a matter 
has been dealt with in a rule in a plan promulgated following a full consideration of s5 of the RMA, further recourse to s 5 through 

the overall broad judgment may be unnecessary in the decision-making process. See discussion under Section 2.2.2. 
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sustainable development. However, according to Grinlinton (2018a), this was seen as too wide a scope 

for environmental legislation in New Zealand, encompassing potential elements of ‘social inequities and 

redistribution of wealth.” (p. 116) Hence, sustainability and sustainable management in New Zealand 

have a narrower focus on the utilisation, effects, and protection of natural resources, hence focusing on 

the ‘natural resource’ dimension of the Brundtland definition.5 

 

The management function of this definition anticipates both utilisation and protection of resources and 

“management” is qualified by a strong ecological function, incorporating a responsibility to sustain the 

potential of resources to meet the needs of future generations (intergenerational equity).6 The purpose 

of sustainable management by this definition means that neither “use and development’ on the one 

hand nor “protection” on the other is necessarily to prevail. The use of the term ‘promote’ suggests that 

there is no absolute requirement to achieve the purpose in every case (Grinlinton, 2018a); see also 

discussion on implementation under Section 2.2.2). 

 

As well as providing the land-use planning and natural-resource management consenting system, the 

RMA also creates a meta-policy framework, with detail expanded through optional National Policy 

Statements (NPS), which must be given effect to in lower-level plans and policies (see Section 2.2.2). 

In the context of geothermal, the National Policy Statement for Renewable Energy Generation 

(NPSREG, 2011) and the one on Electricity Transmission (NPSET, 2008) are the most relevant. These 

statements emphasise the aim of the central government to increase the renewable contribution in the 

electricity supply and to require transmission and environmental decision-makers (including regional 

councils) to take these preferences into consideration when dealing with resource consent applications. 

The RMA specifically defines energy produced from geothermal, as well as solar, wind, etc. sources as 

renewable energy (s 2)7 and requires particular regard to the benefits derived from the use and 

development of renewable energy (s 7(j)) – see also Section 2.3). Originally, the RMA only included the 

effects of climate change (e.g., on water quality through increasing drought, soil degradation and glacial 

retreat), but an amendment in 2020 made climate change itself an environmental effect that 

(regional/local) regulators need to consider under the RMA (Grinlinton, 2021). 

 

2.2.2 Implementation of sustainable management under the RMA  

The RMA introduced a structure of ‘resource consents’, similar to the water rights under the Water & 

Soil Conservation Act (WSCA, 1967), addressing a wider area of impacts, including those associated 

with resource off-take and disposal/re-injection, emissions to land, air, and water; and structures in 

 
5  Although the RMA consenting framework also includes a requirement to consider many social, cultural, and indigenous (Māori) 
aspects in planning and decision-making (see also Section 2.5 and (Campen van & Rai, 2015) regarding land, air, and water 
resources, this thesis concentrates on the environmental and natural resource aspects of sustainability and sustainable 

management so far as they relate to geothermal energy development, i.e. focuses on the ‘natural resource’ aspects. 
6 Also comes back in RMA s 5, Fisheries Act, EECA-act, WRPolicy Statement; see (Grinlinton, 2013)  
7 RMA, s 2.1: ‘geothermal energy means energy derived or derivable from and produced within the earth by natural heat 

phenomena; and includes all geothermal water’; ‘geothermal water means water heated within the earth by natural phenomena 
to a temperature of 30 degrees Celsius or more; and includes all steam, water, and water vapour, and every mixture of all or any 
of them that has been heated by natural phenomena’,  ‘renewable energy means energy produced from solar, wind, hydro, 

geothermal, biomass, tidal, wave, and ocean current sources’;  
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waterways. A wide range of impacts, including impacts on ecosystems and communities, became 

manageable under the RMA.  

 

Under the RMA, the sustainable management of natural and physical resources and the process of 

resource consents (including geothermal water/energy) is primarily the responsibility of regional 

authorities. To aid further interpretation, the RMA requires that each regional council must have a 

Regional Policy Statement (RPS), whose purpose is to identify the main resource management issues 

and then provide policies and methods to achieve the integrated management of the resources of the 

region. Each regional council may also develop Regional Plans,8 which provides rules about the use of 

natural and physical resources (Luketina, 2010).  

 

When applying for land use or water consents, applicants normally apply under the existing Regional 

Policy and Plans and are subject to the rules and criteria set out in these.9 Such policies and plans have 

to respond to several requirements of the Act itself, relevant central government directions through 

National Policy Statements (NPS) and National Environmental Standards (NES), and case law 

(Environmental Court, High Court and above). Figure 2 (below) shows the relationship and the hierarchy 

of planning instruments under the RMA in the context of the Waikato Region, which encompasses one 

of the main geothermal areas in New Zealand.  

 

Figure 2 

Schematic of Environmental Regulation Hierarchy in NZ (Luketina, 2010) 

 

 
8 Note that a Regional Coastal Plan is mandatory, whereas regional land use and other plans are not. Many regional councils 
have one ‘Plan’ that covers land, air and water (including geothermal water). 
9 Access to the geothermal resource also requires agreement with the surface landowner (see Section 2.3). 
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One of the major debates since the enactment of the RMA has been the interpretation of various 

elements of ‘sustainable management’, especially as defined under s 5 of the RMA. Do the elements 

in s 5 (2) (a) – (c), requiring policy- and decision-makers to consider matters such as intergenerational 

equity, ecological integrity and avoidance-mitigation or remedy of adverse effects – constitute a hard 

ecological ‘bottom line’ and ecological ‘primacy’– or does the management aspect imply a more ‘neutral’ 

approach and overall judgement? It is said that the intention of the design of the RMA and the stated 

position of the Minister for the Environment at the time10 supported the former, but in the jurisprudence 

of the Environment Court and other courts from 1994 to 2014, the latter approach was preferred, 

considering both management and ecological elements equally in a ‘broad judgement approach’. In this 

sense, s 5 was interpreted more as a guiding principle than a specifically worded purpose (Grinlinton, 

2018a, p 116). 

 

Through the years, the ongoing consenting practice, as well as RMA jurisprudence, seem to have 

strengthened that broad judgement approach: e.g., Palmer (2016a) refers to New Zealand Rail Limited 

v Marlborough District Council [1994] NZRMA 70 (HC), confirming that the correct approach was an 

overall judgement approach. On the other hand, in 2014, the Supreme Court provided an authoritative 

judicial analysis of these matters around s 5 of the RMA in the case of EDS vs King Salmon.11 Here, 

the Supreme Court in its analysis confirmed that the various elements of s 5 of the RMA and definition 

of sustainable management should be read as an ‘integrated whole’ and that the elements in s 5 did 

not constitute strict ‘environmental bottom lines’ in themselves, supporting overall a ‘broad judgement’ 

approach. 

 

However, the Court also judged that this overall judgement approach should not undermine clear 

directive requirements as per policies, plans and rules prepared in accordance with the RMA (especially 

s 5). It therefore pointed out that the existing NZCPS (2010) – at the top of the environmental planning 

hierarchy in terms of coastal management – should not have been re-interpreted in light of the overall 

judgement approach, but the policies it contained should be seen as creating ‘something in the nature’ 

of bottom lines, and that lower policies and plans should give effect to these. This decision has therefore 

been widely interpreted as supporting a potential ‘strong sustainability’ approach through the 

implementation of specific policies and rules if so expressly defined (as in the NZCPS). In the context 

of other resource consent decision-making, in the absence of such clear (national) policies or 

guidelines, the overall judgement approach remains applicable. Sir Geoffrey Palmer, in his speech to 

the 2015 Local Government Environmental Compliance Conference, therefore lamented why so few of 

these NPS12 have been made (Palmer, 2016b).  

 

 
10 See Hon. Simon D Upton ‘Purpose and Principle in the Resource Management Act’（1995）3 Waikato Law Rev 17 esp. at 

40, where Mr Upton states: ‘… the matters set out in sub-paragraphs（a）,（b）and（c）［of s 5（2）］….. cannot be traded 

off. They constitute a non-negotiable bottom line’. 
11 Environmental Defence Society Inc v The New Zealand King Salmon Co Ltd［2014］NZSC 38［2014］1 NZLR 593. 
12 Palmer (2016b): 4 NPS, 5 NES (in 2015), incl NCPS (2010; obligatory by law), NPSREG (2011) & NPSET (2008). 
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The RMA also acknowledges the indigenous people’s perspective, recognising the historical 

relationship between Māori people and natural resources. It requires regional authorities to take account 

of various matters (e.g., the relationship of Māori with resources, kaitiakitanga, and the principles of the 

Treaty of Waitangi) when considering consent applications. Geothermal resources have been 

traditionally used by Māori for various purposes such as cooking, bathing and heating, and are 

considered a ‘taonga’, inherited, highly-prized resources (Stokes, 2003) or ‘specially prized possession’ 

and are of cultural significance. This reinforces the sustainable management aim of the RMA to ensure 

that the natural/geothermal resources are available to future generations (Dickie & Luketina, 2005). 

 

The Development of Regional Policy Statements and Regional Plans is a public process with several 

phases of consultation, and the geothermal aspects of such Plans have always attracted significant 

public submissions from a variety of groups. In the geothermal context, most geothermal resources are 

located in the Taupo Volcanic Zone (TVZ) and fall under either the Waikato Regional Council (WRC) or 

the Bay of Plenty Regional Council (BoPRC). Both WRC and BoPRC13 have developed Regional Policy 

Statements and Plans that include explicit policies and rules for the management of the geothermal 

resources (see Section 2.3). 

 

2.2.3 Time horizon and managing uncertainty 

Another aspect of sustainable management that has received a lot of debate and legal jurisprudence in 

New Zealand is how to manage natural resources for ‘future generations’: what time horizon does this 

imply, and how to manage uncertainty over longer time periods? 

 

Regional Policy Statements and Regional Plans are required by the RMA, s 79(5) to be reviewed at 

least every ten years. In preparing Regional Policies and Plans, the RMA’s sustainable management 

purpose needs to be kept in mind, managing resources to ‘meet the reasonably foreseeable needs of 

future generations.’ The RMA doesn’t specifically define a timeframe or horizon for the ‘needs of future 

generations’, but most of these Regional Policies and Plans in New Zealand (Auckland, Wellington, 

WRC, BoPRC) take a planning time horizon of 100 years. The NZ Coastal Policy Statement (NZCPS 

2010) also specifically references the (at least) 100-year timeframe four times. In certain areas and for 

the purposes of reliable modelling, these timeframes can be varied (e.g., 50-100 years for geothermal, 

see Section 2.3). But uncertainty over long periods of 50-100 years+ is inevitable and will need to be 

recognised and managed. The RMA uses the precautionary principle and adaptive management in 

these cases. 

 

In the context of sustainable resource management, the precautionary principle is often used for 

resource management decisions if there is uncertainty regarding the future environmental effects of 

resource use. Internationally, the precautionary principle is described in the Rio Declaration on 

Environment and Development (1992), Principle 15:  

 
13 In the case of the large, high-temperature geothermal systems, Waikato has 15 of the 21 systems, Bay of Plenty has 5, and 

Northland has 1 (SKM-WRC, 2012). 
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In order to protect the environment, the precautionary approach shall be widely applied by 

States according to their capabilities. Where there are threats of serious or irreversible damage, 

lack of full scientific certainty shall not be used as a reason for postponing cost-effective 

measures to prevent environmental degradation. (p. 3).  

New Zealand has incorporated the precautionary principle and adaptive management to varying 

degrees in legislation, see, for example, Hazardous Substances and New Organisms Act 1996, s 7 

(Precautionary approach), and Exclusive Economic Zone and Continental Shelf (Environmental 

Effects) Act 2012, s 64 (Adaptive management approach). The precautionary principle is not explicitly 

adopted into the RMA but is implicit in the “sustainable management” purpose of the Act and the need 

to have regard for potential effects of activities on the environment. It is also explicitly mentioned in 

other policies, e.g., WRC-RPS (2016) ss 4.1.9 (integrated management) and ss 9.6.1 (geothermal 

resources). 14 

 

The Environment Court has defined adaptive management as: 

An experimental approach to management or ‘structured learning by doing’. It is based on 

developing dynamic models that attempt to make predictions or hypotheses about the impacts 

of alternative management policies. Management learning then proceeds by systematic testing 

of these models rather than by random trial and error. Adaptive management is most useful 

when large complex ecological systems are being managed, and management decisions 

cannot wait for final research results. (Golden Bay Marine Farmers v Tasman District Council 

[2003], para [405]) 

 

The Environment Court also identified the following features of adaptive management (author’s bold): 

• Stages of development are set out; 

• The existing environment is established by robust baseline monitoring; 

• There are clear and strong monitoring, reporting and checking mechanisms so that 

steps can be taken before significant adverse effects eventuate; 

• These mechanisms must be supported by enforceable resource consent conditions which 

require certain criteria to be met before the next stage can proceed; and 

• There is a real ability to remove all or some of the development that has occurred at 

that time if the monitoring results warrant it. (Crest Energy Kaipara Ltd v Northland Regional 

Council [2011] BC200969608 at [101]). 

 

The precautionary principle and adaptive management are also specifically discussed in two recent 

cases by the Supreme Court. These cases (Sustain our Sounds Inc vs The New Zealand King Salmon 

Co Ltd (SOS, 2014) and Trans-Tasman Resources Ltd v Taranaki-Whanganui Conservation Board 

(TTR, 2021)) are in different context of NZCPS and the and the Exclusive Economic Zone and 

 
14 Adaptive management has also been encouraged by the courts in the energy context, e.g., Crest Energy Kaipara Ltd v 

Northland Regional Council [2011] NZEnvC 26 in the context of a marine turbine tidal electricity generation scheme.  
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Continental Shelf (Environmental Effects) Act (EEZ, 2012), respectively, but they discuss the 

relationship between the two concepts and identify some of their limits, which can have some relation 

to (future) geothermal projects.  

 

SOS (2014) reviewed the earlier Board of Inquiry (EPA-BoI, 2013) decision in which strict adaptive 

management conditions were approved as a way of implementing a precautionary approach in light of 

uncertainty about the project’s effect on water quality. The Supreme Court judged the Board had acted 

appropriately and rejected the appeal. However, it noted that a threshold was required in terms of an 

adequate evidential foundation “to have reasonable assurance that the adaptive management regime 

would achieve the goals of sufficiently reducing uncertainty and adequately managing any subsequent 

risk.” (SOS [2014] at [215]). One of the critical observations was that “there was a lack of baseline 

information with regard to water quality”, but this was, however, to be remedied.  

 

In TTR (2021), the Supreme Court also reviewed the granting of a license for mining iron sands in the 

light of uncertain environmental effects of expected discharge/pollution and the adequacy of adaptive 

management conditions. In this case, the Court came to the conclusion that given the uncertainty of 

information relating to the effect of TTR’s activities/discharge, the decision-makers “simply could not be 

satisfied that the conditions it imposed were adequate to protect the environment from pollution (TTR 

[2021] at [129]).” The Court proposed an improved approach. 

 

Geothermal context 

The aspects of precautionary principles, staged development, strong monitoring, and adaptive 

management can also be found in recent geothermal consents and regional policy15. E.g., In the 

Waikato, the precautionary approach is identified in the WRC-RPS (2016, s 9.6.1) to manage the 

regional geothermal resource. This also highlights the importance of the supply of information for 

geothermal resource management. The WRC-RPS (2016, ss 9.1.11 – 9.1.12) states that a significant 

management issue for geothermal resource management is a lack of information and knowledge about 

the resource and that the “more knowledge and information that is available about each geothermal 

system and the effects of its use, the better the ability to manage and respond to potential and existing 

beneficial and adverse effects.“ (WRC-RPS, 2016, s 9.1.12, p. 9-4). Careful monitoring of resource 

consent conditions enables the regulator to determine whether the resource is being used sustainably 

in accordance with consent conditions and in an integrated manner. But “Information is obtained at 

considerable cost during exploration of the geothermal resource and is commercially sensitive.” (WRC-

RPS, 2016, s 9.1.12, p.9-4). The WRC-RPS therefore requires the regulator to:  

Ensure that high-quality data, research and monitoring of the Regional Geothermal Resource 

and of the effects of its use, commensurate with the scale of any activity, are, where 

 
15 The RMA (ss 128(1)(a) and (b) state that resource consent conditions (specifically mentioning permits for geothermal water) 
may be reviewed and amended at any time “to deal with any adverse effect on the environment which may arise from the 

exercise of the consent and which it is appropriate to deal with at a later stage” (RMA, s 128(1)(a)(i)). 
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appropriate, independently peer-reviewed and made publicly available having regard to cultural 

sensitivity and the protection of commercially sensitive information. (s 9.1.11, p.9-3) 

In practice, the above-mentioned inherent lack of knowledge when developing natural (geothermal) 

resources and emphasis on sustainable management leads to the public, regulated monitoring 

requirements with a high emphasis on the health of each individual geothermal system as well as 

adaptation to changing conditions in identified key areas of external environmental effects. As regional 

regulators have little mandate for energy portfolio management or (national) energy planning, relatively 

little attention is paid to comparable geothermal resource assessment between different systems or 

changes in generation capacity over time. 

From a geothermal developer’s perspective, the above generally means that projects can only be 

developed in a smaller size, staged manner, and with a reporting emphasis on the health of the natural 

geothermal system and the present project. In New Zealand, there is generally no requirement to 

publicly report on potential future, additional geothermal production (contingent resources). This is 

reinforced by the fact that the main resource consents (which include the elaborate resource 

assessment and demonstration data) are only required at the production stage consenting, and 

subsequent re-consenting (generally after 30-35 years). The introduction and gradual growth in the 

importance of System Management Plans has provided some additional information in the last couple 

of decades. 

 

2.2.4 Potential replacement of RMA and possible implications 

When enacted in 1991, the RMA was a world-leading piece of legislation in its intention to implement 

sustainability across the regulatory spectrum, as well as its significant breadth in replacing more than 

50 pieces of legislation. Over its more than 30 years of implementation, much criticism has been raised 

both from the perspective of providing too little protection for the environment/sustainability and from 

the ‘development’ side, claiming too much complexity and protection of the environment, creating 

barriers to development (Grinlinton, 2021). E.g. The Environmental Defence Society (EDS) published 

a substantial report on the RMA (EDS, 2019), highlighting many problems, including: Complexity and 

fragmentation; limited participation in planning and decision-making (incl Māori); cost-benefit analysis 

focused on economic vs ecological values; lack of higher-level strategic and spatial planning; poor and 

declining environmental indicators for biodiversity, freshwater, soil, coastal and marine areas, climate 

change impacts; Problems with coordinated and effective monitoring, compliance and enforcement. 

 

In July 2019, the government created a Resource Management Review Panel, chaired by Hon Tony 

Randerson QC, to analyse the existing RMA, outline its challenges and suggest recommendations. In 

its report in June 2020 (“Resource Management Review Panel Report” or also “The Randerson Report”; 

Randerson, 2020) it reflected many of the problems identified by EDS, including increasing pressure 

on the natural environment; the impacts of climate change; wider environmental decline; insufficient 

provisions for Māori participation; and increasing complexity, cost and delays.  
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After years of such criticism and deliberation, the New Zealand Government (Environment Minister Hon 

David Parker) announced on 10 February 2021 that it would repeal and replace the RMA. The intention 

is to replace the RMA with three new Acts: 

- Natural and Built Environments Act (NBEA) to provide for land use and environmental 

regulation (main alternative for RMA). 

- Strategic Planning Act (SPA) to integrate with other relevant legislation and require long-term 

regional (spatial) strategies. This would require the preparation of Regional Spatial Strategies 

(RSSs）that would set long-term（30-years plus）objectives for urban growth and land-use, 

climate change response, and infrastructure development. 

- Climate Change Adaptation Act (CCAA) to address complex issues associated with the 

transition to a low-carbon economy as well as adaptation to Climate Change. (Grinlinton 2021). 

 

The announced timetable called for the completed NBEA, SPA and CCAA to be put to Parliament late 

in 2021 and passed by the end of 2022 (if not delayed by the Covid pandemic). As mentioned, criticism 

of the RMA has come from both environmental protection advocates on one side and the development 

sector on the other. There seems to be widespread agreement on the need for change but little 

consensus on the direction of change. Hence, the process and outcome of the new NBEA legislation is 

likely to be a long and contentious one (Grinlinton, 2021; Chapmann Tripp, 2021). 

 

Unsurprisingly, some of the largest disagreements seem to be around the definition and implementation 

of sustainability in the new NBEA. The government seems intent on basing its directions largely on the 

Randerson Report (Randerson, 2020). Some of its recommendations include: 

- The continuation of an integrated approach to land use planning and environmental 

protection; 

- A revised purpose focused on enhancing the quality of the environment to support the well-

being of current and future generations. This would shift the emphasis from (avoiding, mitigating 

or remedying) negative effects under the RMA to promoting positive outcomes for the natural, 

as well as the built environment; 

- Inclusion of biophysical limits (‘environmental bottom lines’) as a minimum standard of 

compliance in areas such as fresh water, coastal water and the quality of air and soil; 

- Improved efficiency and effectiveness among others through stronger national direction, 

including rationalising existing National Policy Standards.  

- A new Spatial Planning Act that would provide a more strategic approach to terrestrial and 

coastal planning. 

 

Some of the criticism on the Randerson report (including from the PCE, 2020) is that the vague and 

broad core definition of environment – including ecosystems, people, communities and natural and built 

environments – risks repeating the ambiguity of s 5 under the RMA. Further, by replacing the RMA, this 
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would also lose 30 years of jurisprudence interpreting and clarifying the Act16, after the Supreme Court 

provided long-awaited clarity on the interpretation and effect of Part 2 of the RMA (see Section 2.2.3 on 

‘environmental bottom line). The draft NBEA actually seems to have dropped the principle of sustainable 

management as an express purpose under the bill, which has been raised as a concern by different 

submitters (e.g., Rennie et al., 2021).  

 

It is difficult to predict the implications of the potential replacement legislation of the RMA and potential 

impact on the definition – and, more importantly, practice - of sustainability and sustainable 

management in NZ in general and in relation to geothermal energy in particular. The Randerson (2020) 

report and draft legislation definitely provide some elements of optimism for critics of the RMA, including 

the recommended inclusion of biophysical limits/environmental bottom lines (although geothermal 

water/energy is not mentioned), a more strategic/planning approach to resource management (rather 

than focus on individual systems) and improved national direction and National Policy Standards. This 

could provide the opportunity for the development of a National Policy Statement on Geothermal 

Resource Management in the future. However, as can be seen from the first draft legislation and the 

discussion/criticisms, the actual write-up of the legislation and the subsequent developing jurisprudence 

may fall victim to the same opposing forces as during the development of the RMA-legislation in 1991. 

Hence, there is a significant chance of further watering down of the legislation and the sustainability 

concepts.  

 

Almost certainly, the legislation will be longer in the making, and subsequently will be a long time 

‘bedding in’, so that for years to come, geothermal resource management in New Zealand may have to 

work with the present definitions and jurisprudence. Luckily, as further described in Section 2.3, the 

main Regional Councils involved with geothermal resource management have developed their own 

policies for the sustainable management of their geothermal resources – both for individual systems 

and as a strategic, hierarchical portfolio management policy. 

 

2.3 Geothermal resources and sustainable management in NZ 

In contrast to most countries (see also Section 2.5), in New Zealand, geothermal resources are not 

‘owned’ by anyone. Whereas most minerals (notably petroleum, gold, silver, coal, and iron sands) are 

the property of the Crown (Crown Minerals Act, 1991; see Section 3.2), water and geothermal resources 

are treated differently, and their ownership is an issue of some historical contention. Under common 

law, water in its natural state (including geothermal water) is not owned, and the only rights are those 

‘to tap, take, use and apply geothermal energy’ (GEA, 1953 referenced in Grinlinton & Taylor, 2011). 

These are held by the Crown, and this management role is then devolved from the Crown to Regional 

Councils (see also WSCA, s 21, which was kept in force under s 354(1) of the RMA).17 In Section 2.3.1, 

 
16 Similar to experience call-in EPA with large geothermal projects +> new experience to be built up. Nobody (Contact/Councils, 
stakeholders) happy with process?? 
17 WSCA s 21: ‘Rights in respect of natural water-( 1) Except as expressly authorised by or under this Act or any other Act, the 
sole right to dam any river or stream, or to divert or take natural water, or discharge natural water or waste into any natural water, 
or to use natural water, is hereby vested in the Crown subject to the provisions of this Act. 

RMA s 354: ‘Crown’s existing rights to resources to continue 
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the background and development over time of geothermal regulation are discussed from the earliest 

attempts in the 1950s to the present RMA-context in the last 30 years. In Section 2.3.2, the 

implementation of this and its implication for the sustainability of geothermal resource management is 

discussed in more detail. Together with the case studies in Section 2.4, this provides the main basis to 

answer the question of ‘how sustainable is the use and management of geothermal energy resources 

in New Zealand?’ 

 

2.3.1 Background to geothermal development and regulation in New Zealand 

The history of large-scale geothermal development in New Zealand can be divided into two broad 

periods. Until the mid-1980s, the central government took the lead role as the funder, regulator, 

prospector, explorer, developer, generator, wholesaler, and strategist for all large energy projects in 

New Zealand, including geothermal. From the 1990s onwards, geothermal regulation was devolved to 

the regions (RMA, see below), and geothermal power development was privatised. 

 

Before the arrival of Europeans, the Māori already made extensive use of geothermal resources, 

especially for bathing, health and cooking purposes, but also for mining sulphur, clay, etc. (Boast, 1995). 

Early European visitors started remarking on these uses in travel diaries, reports and other writings. 

Boast (1995) also notes that the resources were then regulated by a type of customary law, as 

evidenced in Māori manuscripts, minutes of the Māori Land Court and above-mentioned references in 

writings by early European visitors. 

 

Once more, large scale uses (especially power generation) became evident after World War II, 

geothermal resources were regulated through the Geothermal Energy Act 1953 (GEA) and the 

Geothermal Energy Regulations 1961 (GER), which stated that “the sole right to tap, take, use and 

apply geothermal energy on or under the land shall vest in the Crown, whether the land has been 

alienated from the Crown or not” (s 3 (1), p.1389). Claims by Māori through the Waitangi Tribunal give 

substance to the view that the Māori enjoyed their rights to geothermal resources in the nature of 

ownership or at least usufructuary rights, and that loss of those rights has given rise to legitimate Treaty 

grievances (e.g., Gordon, 2018)18. 

 

 
(1) Without limiting the Interpretation Act 1999 but subject to subsection (2), it is hereby declared that the repeal by this Act or 

the Crown Minerals Act 1991 of any enactment, including in particular— 
(a) section 3 of the Geothermal Energy Act 1953; and 
(b) section 21 of the Water and Soil Conservation Act 1967; and 

(c) section 261 of the Coal Mines Act 1979,— 
shall not affect any right, interest, or title, to any land or water acquired, accrued, established by, or vested in, the Crown before 
the date on which this Act comes into force, and every such right, interest, and title shall continue after that date as if those 

enactments had not been repealed. 
18 The ‘vesting in the crown’ of the right to control access to geothermal resources under the 1953 Geothermal Energy Act and 
subsequent legislation was contentious, and indigenous Māori people/tribes in some cases claim the ownership of these 

resources in terms of kaitiakitanga (a concept akin to guardianship), which includes a cultural obligation to manage the 
resource for the benefit of future generations. Māori believe that geothermal resources are a gift from their ancestors. Much of 
the controversy goes back to the Treaty of Waitangi (1840) that established the relationship between the Māori people and the 

British Crown. The second article of the Treaty guarantees the possession of ‘Land and Estates Forest, Fisheries and other 
properties’ to Māori people. However, there are ongoing discussions about how this article should be interpreted (White et al., 
1995). Some of the above cases are part of historical claims against the Crown in front of the Waitangi Tribunal. Some of these 

have been settled, while others are yet to be considered by the Tribunal. 
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However, the GEA and GER were recognised as providing little legal control over the (sustainable) use 

of geothermal water or protection of surrounding ecosystems. In 1967, the Water and Soil Conservation 

Act (WSCA) introduced a system of water rights (both for fresh and geothermal water), vesting the 

responsibility of regulating fresh water in the local government. Another specific Act was passed in 1967 

(Rotorua City Geothermal Energy Empowering Act) to enable the Rotorua City Council to make 

provisions for the control of the tapping and use of geothermal energy in the city of Rotorua, where the 

extensive, uncontrolled proliferation and use of shallow geothermal wells for residential/commercial 

direct heat use were starting to significantly affect important surface features. This issue was 

subsequently brought under control. Planning aspects were regulated by the Town and Country 

Planning Act 1977 (TCPA). 

 

The Wairakei, Ohaaki, and Kawerau systems were first explored and developed under this legislation 

(see Section 2.4). During this period, there was also extensive but small-scale direct use of geothermal 

energy through shallow drilling in Rotorua and Taupo (Curtis, 1989) for space heating and spas. 

Extensive tourist facilities were also developed in certain areas, centred on geothermal features. 

 

From the mid-1980s, successive New Zealand governments embarked on a process of privatisation 

and deregulation, including in the energy sector. The large geothermal companies operating in the TVZ 

are now privately owned or publicly listed (with the Government retaining a controlling shareholding in 

Mercury/Mighty River Power). Māori are participants in several of the large geothermal projects, 

generally as Joint Venture partners. Some gained access rights to the resource as part of Waitangi 

Tribunal settlements provided by the Crown as compensation for breaches of the Treaty of Waitangi 

(Burnell et al., 2016). 

 

During the same period, there was a major shift in the regulatory environment. In 1991, the Resource 

Management Act (RMA) was enacted, with its emphasis on ‘sustainable management’ This continued 

many of the provisions of the WSCA and GEA for water and geothermal energy. The Geothermal 

Energy Act 1953 was largely repealed except for the ability of the Crown to charge royalties and the 

right of the Crown to manage and allocate resources of geothermal energy. The RMA also responded 

to concerns related to the Treaty of Waitangi and the special interests of the Māori people, and RMA s 

14(3)(c) makes specific reference to ‘Tikanga Māori’ in the context of geothermal water take. However, 

Boast (1995) remarks that “whether these interests have in fact been significantly advanced in reality 

by the legislation is a moot point” (p.22). In the legal context, this means that the issues around ‘Tikanga 

Maori’ and geothermal as raised in the RMA, are theoretically arguable and important, but have not 

been resolved yet. 

 

One outcome of the design of the RMA is that - unlike in most countries - there is no concept of an 

exclusive geothermal exploration license and subsequent production (in contrast, for example, to the 

NZ petroleum sector, which in New Zealand is regulated under the Crown Minerals Act – see Section 

3.3). Resource consents for geothermal exploration drilling cover the immediate impacts of drilling, land 
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use, and testing only, not subsequent resource allocation. A developer of a new area undertaking 

geothermal exploration and subsequent exploitation must make private arrangements with landowners 

under civil law to secure access to the resource.  

 

To obtain resource consents for large geothermal production developments (including resource 

allocation), developers will have to demonstrate how their development promotes the sustainable 

management of the resource. Reaching that stage inevitably requires a multi-million-dollar programme 

of exploration drilling and testing, but without the certainty of exclusive access at that stage. Risks 

associated with gaining land access and resource proving may have discouraged new entrants to the 

market. There is also no requirement for explorers to file exploration data with any central government 

agency (unlike with petroleum or mineral exploration). This means there is no central repository of data 

on New Zealand’s geothermal resources. 

 

Whereas sustainable (geothermal) resource management is largely vested in regional authorities, the 

central government does have the ability to steer some aspects and to bring national consistency 

through national policy statements or national environmental standards (see Section 2.2). For 

geothermal development, the National Policy Statements on Renewable Electricity Generation 

(NPSREG) and on Electricity Transmission (NPSET) are the most relevant national guidelines, but 

nothing as ‘directive’ as the National Coastal Policy Statement exists in the energy area. 

 

Under New Zealand law, no set royalty payments are required for the use of geothermal resources, 

although the RMA (1991) does contain provision in ss 112 and 360 for regional authorities to collect 

payments (‘royalties’) for the use of geothermal energy on behalf of the Crown:  

In every water permit granted to do something that would otherwise contravene section 14(2)(c) 

(relating to the taking or use of geothermal energy), there shall be implied a condition that the 

holder shall at all times throughout the period of the permit pay to the relevant regional council, 

on behalf of the Crown, any sum of money required to be paid by any regulations made under 

section 360(1)(c). (RMA, s 112(2)) 

 

These clauses have, however, not been used, and implementation is expected to be contentious. On 

the other hand, there are limited cost recovery and administrative payments or fees by developers to 

regional councils for monitoring and peer-review programmes, as well as consents applications. In the 

case of geothermal, the resources, and therefore, their management is mainly concentrated in the 

Waikato (WRC) and Bay of Plenty (BoPRC) regions, with one high-temperature geothermal system 

under exploitation in Northland (NRC). 
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2.3.2 Implementation of geothermal resource management in regional policies, plans, consents, and 

case law 

As discussed, sustainable management of geothermal resource use is further interpreted in the 

Regional Policy Statements and Regional Plans of the two main regional councils (WRC and BoPRC) 

managing NZ’s geothermal resources in the TVZ. In these policies, the sustainable management of 

geothermal resources takes into account more than just the resource and environmental effects in a 

single system, as the Regional Policy Statements and Plans seek to provide for sustainable 

management of the regional resource as a whole.  

 

Individual geothermal systems in Waikato and the Bay-of-Plenty are developed and consented with the 

same sustainable management principles and time horizons for each project (see Section 2.2). The first 

geothermal projects to be consented to under the RMA were Ngawha (1996) and the Ohaaki re-consent 

(1998) before much experience or policies regarding geothermal sustainability had been developed.  

 

In 2000, the WRC introduced an overall Regional Policy (geothermal section) to strengthen the overall 

management of the region’s geothermal resources ‘for future generations’. Luketina (2012) describes 

the Waikato Regional Council’s approach to geothermal resources, which links back to the same 

discussion on (very) strong to (very) weak sustainability developed, as described in Section 2.1:  

 

Sustainability can refer to either weak or strong sustainability. Strong sustainability requires no 

loss of natural resources and thereby provides future generations with at least the opportunities 

of today’s generation. However, weak sustainability allows the depletion of some natural 

resource stocks, as long as future generations will still be at least as well off as today’s 

generation, through technological change and the like. Geothermal resources can be used 

sustainably (using a definition of weak sustainability) over any given period through 

controlled depletion. (p. 18)  

 

The way the overall geothermal resource policy is formulated and implemented over the long term is by 

protecting some systems in perpetuity while allowing large-scale geothermal development in others. 

For this purpose, all known high-temperature geothermal systems in the Taupo Volcanic Zone (TVZ) 

have been assessed in terms of energy content, their natural, cultural and other feature values. 

Subsequently, they have been classified for either large-scale extraction and development, 

limited/conditional development, small take for research only, or fully protected (see Figure 3 below) 

from extraction to sustain, on a regional basis, the natural character and prevent adverse effects on 

either natural or physical resources. 
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Figure 3 

Map of New Zealand’s high-temperature Geothermal Resources (NZGA, 2019) 

 

 

For development systems, it is accepted that full conservation of the geothermal resource, and 

commercial use of energy, are not compatible. In these systems, the principle is ‘controlled depletion’, 

and the effects of this are managed by remediation and mitigation. Effects are accepted as a trade-off 

between conservation, economic development and other environmental goals (e.g., low-carbon power 

generation). The overall trade-off is that while these systems will temporarily decline, protected systems 

will not, and the portfolio of resources will maintain sufficient resources available for future generations. 
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In cases of litigation, the Courts have provided decisions and case law, e.g., in the case of Wairakei-

Tauhara, where the Environment Court19 supported WRC’s classification of geothermal systems as a 

cornerstone of sustainable management of the regional geothermal resources (see Sections 2.3.4 and 

2.4.2). 

 

The essence of this is a hierarchical portfolio approach whereby conservation of a large part of the 

geothermal systems (very strong sustainability) allows for individual development systems to be allowed 

controlled depletion over multiple generations (weak sustainability) and subsequent resting to recover 

so that these are available for future generations. This way, an intermediate position between weak and 

strong sustainability is created. However, maintenance of this position requires careful assessment, 

monitoring and management of all of the geothermal resources (development and otherwise). As will 

be discussed later (Section 2.3.4), the last time a full resource review was done in 2001-2002, New 

Zealand had less than 400 MWe of installed geothermal generation, while in the intermediate two 

decades, this has grown to around 1,000 Mwe (NZGA, 2019). 

 

2.3.3 Demonstrating, quantifying, and modelling geothermal sustainability in the TVZ  

As described above, geothermal resources in the TVZ are regulated differently than geothermal 

resources in many other countries, as well as petroleum resources in New Zealand. The RMA and the 

resulting implementation of sustainable geothermal resource management by the regional councils 

have been discussed in the previous sections (2.3.1-2.3.2), as well as the general approaches under 

the RMA of precautionary principles and adaptive management (Section 2.2.4). In Section 2.3.2, it was 

described how an important pillar of sustainable geothermal resource management in the Regional 

Policies of WRC and BoPRC is based on the hierarchical portfolio approach, whereby some systems 

are allowed to be developed under ‘controlled depletion’ (over 50-100 years, managing effects, and 

recuperation/re-charge there-after; a form of [very] weak sustainability), while others are protected for 

future generations. This hierarchical portfolio approach has several implications concerning the 

management of uncertainty, information requirements and overall geothermal resource management 

at both regional and national levels of government in New Zealand. For instance, whereas for the 

development systems the requirements to demonstrate and monitor ‘sustainable management’ of that 

specific geothermal resource might become weaker, a new requirement is introduced to quantify and 

monitor the wider portfolio of geothermal resources and to assure an appropriate balance is kept 

between resources protected for future generations and resources developed for power generation or 

other uses. 

 

There are several different but related reasons why the capacity of various geothermal systems (in New 

Zealand) needs to be quantified. This section discusses – in non-technical terms - the reasons for such 

quantifications, the methodology commonly used in the assessments and estimates, and the current 

 
19 The Environment Court (Geotherm Group Ltd v Waikato Regional Council [2006] NZEnvC A047/06 [Geotherm-interim]). See 

also discussion in Section 2.4.2. 
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state of the art in our ability to provide definitive answers in the TVZ. Chapter 3.1 provides a more 

detailed, technical outline of geothermal resource assessment methods. 

  

Geothermal regulation generally has to ensure sustainable management of natural resources and 

manage the effects of extraction while also enabling economic development. As with other underground 

resources (e.g., petroleum and other mineral resources), an additional, complicating factor is that 

information for such underground resources is scarce and expensive to gather. Realistically, it is only 

during production that a more complete picture will develop. Decisions on investment, as well as 

regulatory responses, often have to be taken at decision stages when only limited data/information 

exists. A further factor with geothermal resources is that, in New Zealand, they need to be managed 

sustainably, which arguably puts a higher requirement on adequately understanding a geothermal 

resource before a proper decision can be made on what part of it can be extracted sustainably. In 

general, petroleum and other mineral resources have no such requirements regarding sustainable 

resource management and controlled depletion, and resource management is generally mainly based 

on economic (royalty/income streams) grounds (see Chapter 3). In geothermal development in New 

Zealand, the concepts of the precautionary approach and adaptive management. as implemented 

under the RMA, have often been used to assure a staged approach to geothermal development and 

prevent over-exploitation (see Section 2.2.2). 

 

In general, at the consenting stage, developers in the TVZ need to demonstrate sustainable use of the 

resource and management of effects over the life of the project. While models are also used to predict 

noise, emissions to air/water, etc., this section concentrates on the use of reservoir and associated 

geothermal-specific modelling to assess geothermal resources and predict effects. The development 

and assessment of numerical reservoir models have provided some of the biggest regulation, 

management, and modelling challenges in the TVZ, and many advances have been made in this area, 

(e.g.,  Burnell et al., 2016; Kortright, 2015). Some of the areas that had to be dealt with since the 

introduction of numerical reservoir models in the consenting process under the RMA, were around the 

reliability of numerical reservoir models, what scenarios to model, what time horizons to aim for, how to 

deal with uncertainty and what baseline to use (especially in the case of re-consenting an existing 

project).20  

 

Reporting and monitoring requirements are specified in resource consents and have generally been 

strengthened over the years; annual reports are reviewed by an independent peer review panel, who 

can request more reporting, generally around ‘areas of concern’ (often involving subsidence, seismicity, 

significant natural features or other external effects). The health of the reservoir is generally discussed, 

as well as fluid take and reinjection, pressure and enthalpy changes, but with no direct reference to 

(changes in) energy reserve estimates. New resource (re-) consents have been issued with five-yearly 

system management plan requirements and adaptive management clauses (see Section 2.3.4 for 

 
20 E.g., see also the discussion in Chapter 4 on the different regulatory approaches to the numerical reservoir models between 

the 1997-98 and the 2012-13 re-consenting process for Ohaaki geothermal system). 



29 
 

further discussion). This is generally combined with updated numerical reservoir models, which would 

give more opportunity to reassess resource estimate reporting. 

 

Publication of resource estimates and other regional geothermal regulator reporting is mixed. Although 

the RMA and the Local Government Official Information and Meetings Act 1987 (LGOIMA) specify the 

public nature of resource consent and related information, commercial sensitivity has been used as a 

reason to withhold such information from the public. Different regulators and developers interpret this 

differently. Waikato Regional Council (with multiple development systems and developers) interprets 

this more liberally, while Northland Regional Council (with one development system and one developer) 

and Bay of Plenty Regional Council (with one major development system and multiple developers) tend 

to interpret this in a more restrictive way, e.g., the full annual reports and system management plans 

for Kawerau are not made publicly available, only a redacted version, taking out any information 

deemed commercially sensitive. There have been no recent cases of geothermal information requests 

to provide a national comparison or ‘test-case’. 

 

Much of the early geothermal exploration of the TVZ was done under central government initiatives in 

the 1950s to 1970s, when planning, environmental, and other regulatory requirements were less 

restricting. Much of that early data (geological, geophysical, and well data) is still being used in present-

day exploration and geothermal development. Most of the large geothermal systems in the TVZ are 

therefore brownfield, i.e., pre-explored. For each of the six producing geothermal systems in the TVZ, 

numerical reservoir models have been developed and are generally seen as the cornerstone for 

modelling and predicting both optimal resource take locations and effects of those takes. Not all of this 

early government exploration data is available publicly or available to the regional regulators.  

 

Resource energy capacity estimates are required for several reasons in the TVZ: 

1. Regional Councils have a statutory obligation to monitor natural resources in the region to the extent 

necessary to carry out their resource management (allocation) function (RMA, s 35). WRC carried 

out an assessment in 2002 (SKM-WRC, 2002) of both developed and undeveloped systems, using 

a probabilistic stored heat method. In parallel, they also carried out an assessment of ‘significant 

geothermal features’ and ‘values’, e.g., (Keam et al., 2014), which was used in classifying some 

systems for ‘development’ and others as ‘protected’. 

2. Resource estimates are required as part of the necessary information to demonstrate sustainable 

use when applying for resource consents for extraction. Such estimates, these days, are usually 

based on numerical simulation models complemented with power density calculations and 

probabilistic stored heat calculations for the smaller or greenfield applications. Information must be 

provided by the project proponents, and objectors or other submitters may also provide their own 

data and interpretations. Information and assessments will be examined by the relevant authorities.  

Depending on data quality, there may be a request for more information from the regional authorities 

(RMA, s 92). This could be because estimates are calculated from a numerical reservoir model 
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based on a certain assumed development scenario, and the scenario changes without the 

modelling outcomes necessarily being submitted for review unless this is required by the regulator. 

3. Resource estimates also provide input into investment decisions and/or satisfy the needs of 

developers’ shareholders and financiers. It is often necessary for developers to be able to provide 

or refer to credible resource energy capacity estimates. 

 

Implementation of the above in terms of scenarios, modelling assumptions, reporting, etc., varies per 

geothermal system, developer, and regional regulator. In 2014, Waikato Regional Council 

commissioned a report (Maunder, 2014), suggesting the use of a common, harmonised geothermal 

reporting standard21 in preparation for the new Regional Plan review (geothermal variation). 

 

In reality, reviewing recent consent applications and witness evidence in TVZ, the main resource 

estimation methods used in a regulatory context are (see Section 3.1 for technical details): 

1. Probabilistic stored heat calculations (e.g., SKM-WRC, 2002); 

2. Power density calculations with a variation as to ‘proven resource’ (around successfully tested 

wells) and probable estimation/extension of the area beyond the drilled area (e.g., Boseley et al., 

2010 for Ngatamariki); 

3. Production scenario analysis using numerical reservoir models. As geothermal regulation in NZ has 

developed on the basis of water regulation (originally under the WSCA), it is common to specify 

consents and scenarios in terms of tonnes of fluid take (rather than energy take) per day or per 

annum. It is common to model these scenarios for longer (commonly 50 years) than the consented 

life (maximum 35 years under the RMA) to allow predictions that can demonstrate there should still 

be a sufficient amount of resources in the system to continue producing after the consent term 

expires. With a well-calibrated numerical reservoir model, it is also possible to calculate stored heat 

before and after (proposed) production to compare with the outcomes of said reservoir model. This 

does not seem to be regularly practised. For the Ohaaki re-consent, it was calculated that at the 

end of the consent period. 91.8% of the original heat stored remained in the reservoir (O'Sullivan & 

Clearwater, 2013).  

 

2.3.4 Monitoring: Integrated geothermal system management plans, adaptive management and 

information requirements 

As described above, Regional Authorities (such as WRC and BoPRC) have implemented the RMA 

requirement to manage their natural geothermal resources in similar Regional Policies and Plans, 

including classification of resources, adaptive management, information requirements, independent 

peer review, etc. Over the years, this has been developed and refined into an integrated geothermal 

system management approach, applied on a system-by-system consent basis.  

 

 
21 A modified version of the Australian/Canadian Geothermal Code was suggested. 
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When challenged in the Environment Court in 2006, most of these principles were discussed and 

elaborated on by the interim decision on Geotherm Group Ltd v Waikato Regional Council [2006] 

NZEnvC A047/06 (Geotherm-interim). This case was related to a number of appeals by Geotherm 

Group, Contact Energy, Mighty River Power, and others against the proposed plan changes to the 

Waikato Regional Council Regional Policy Statement (WRC-RPS, 2000) and the Proposed Regional 

Plan for sustainably managing geothermal resources in the region. The case was based on the 

Wairakei/Tauhara system, and the two main points of contention were related to the reinjection of 

extracted geothermal water and whether the regional policy should provide for a single operator for 

each geothermal system. But the case also contributed to a formal review of the overall policy approach, 

confirming many of its elements, including integrated geothermal systems’ management plans.  

 

Concerning the reinjection issue, the Court decided that the WRC-RPS (2000) guidance needed to be 

strengthened while providing flexibility to respond appropriately to any adverse effects of reinjection, as 

well as stronger provisions for monitoring work to identify future subsidence risks. This should be part 

of a comprehensive discharge strategy as part of an integrated management plan for each development 

geothermal system. 

 

The single operator or tapper issue led to a wider debate and policy review. The main argument of the 

WRC-RPS was that allowing multiple operators would jeopardise the sustainable management of the 

geothermal system. However, after reviewing many witness statements, the Court (Geotherm-interim) 

stated: 

 

Whilst we accept that multiple consent holders on a system may increase the complexity of the 

assessment of proposals and management of the system, we do not accept that adopting a 

simple solution by providing only for a single operator is appropriate. The actual situation is that 

multiple consent holders exist and will continue to exist on several of the Waikato systems. The 

risks of not recognising and providing for the actual situation far outweigh the apparent benefits 

of requiring or preferring a single operator. We do not agree that providing only for the single 

operator scenario is the most appropriate way or the best way to achieve the objectives of the 

plan for today, let alone for the next ten years. When the planners refer to ''what works in 

practice", we consider that good practice must recognise actual situations. (para [311]). 

 

The discussion then turned to how to assure sustainable management, even in situations with multiple 

operators/consent holders. The many expert witnesses (geothermal as well as planning) agreed on the 

need for integrated system management, but "the nub of the problem is how best to achieve integrated 

management of each geothermal system in practice" (Geotherm-interim, para [307] – Court’s 

highlighting). 

 

After considering expert evidence and counsels’ submissions, the Court considered that integrated 

system management “requires a package of objectives, policies, and methods … plus some additional 
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matters” (Geotherm-interim, para [313]) and listed the key components of an integrated system 

management regime for each Development geothermal system: 

A. System Management Plan – including processes for preparation, amendment, and 

review, and providing for operational flexibility and adaptive management;  

B. Reservoir modelling and subsidence modelling; 

C. Reinjection/injection and discharge strategy – including any cascade (secondary) 

users; 

D. Multiple Operator Agreement(s) - regulatory requirements that multiple 

operators/consent holders coordinate and cooperate through agreements such as 

steam-field management agreements and system operations protocols. These 

agreements need to address such matters as: Efficient and beneficial use of the 

resource; mechanisms for conflict resolution; and accountability for adverse effects; 

E. Research, monitoring, and reporting; 

F. Peer review panel (PRP); 

G. Review conditions and procedures. 

H.  System liaison group/forum. (para [314]) 

 

The subsequent decision in November 2006 (Geotherm Group Ltd v Waikato Regional Council [2006] 

NZEnvC A151/06 [Geotherm]) confirmed the above, main elements of the interim decisions on 

reinjection, multiple operators and integrated system management plans. Geotherm further elaborated 

on details of thresholds for injection and discharge plans, in- vs out-field reinjection on field production 

and possible effects. The Court states, “We are fully aware of the risks of in-system reinjection on field 

production from the extensive evidence we heard at the previous hearing. Professor O'Sullivan's 

evidence emphasised the need for adaptive management.” (Geotherm para [33]). The above decisions 

were further confirmed when the High Court dismissed Contact Energy’s appeal in December 2007 

(Contact Energy Ltd v Waikato Regional Council [2007] CIV 2006-404-007655). 

 

Many of the aspects listed above already formed part of the existing regulatory regime, but for the sake 

of clarity, the court produced an extensive list of the agreed necessary components of integrated 

geothermal system management. These components are now integrated into Regional Policy 

Statements and Plans and are implemented into each geothermal development consent on a system-

by-system basis. System Management Plans and updated numerical reservoir models are now 

generally required on a five-year basis. Annual reporting generally concentrates on natural reservoir 

and environmental aspects. 

 

In general, regional authorities, developers, and communities appear to be reasonably satisfied with 

how the integrated geothermal system management has developed and is implemented for 

development systems. Central government agencies generally do not get involved in the consenting 

process for individual geothermal resources, nor do they seem to be interested in contact with regional 

authorities to understand the geothermal resources and information better. 
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An important aspect of the geothermal regulation system, as in most other countries (as well as the 

petroleum regulation system in New Zealand – see Sections 2.5 and 3.3), is that the central government 

allocates permits, not only for the production stage but also at the exploration and sometimes 

prospecting stage. Each of these permits comes with reporting requirements, and hence the central 

government regularly (annually) receives information, both on producing resources (reserves), and 

potential future resources (prospective and contingent). This gives the petroleum regulator (and the 

market) insight into future resource availability with information from the actors that know the resources 

best. This is in contrast with the New Zealand geothermal regulation, where major permits (consents) 

are only requested and awarded at the production stage, and hence, geothermal developers are only 

required to report information for producing systems. 

 

2.4 Geothermal sustainability case studies New Zealand 

As described in 3.2, WRC and BoPRC have classified all their large, hot geothermal systems. Some 

have been classified for protection from extractive use, while others are classified as being available 

for development. The three cases below briefly describe different challenges and experiences within 

such development systems under a ‘controlled depletion’ criterion (weak sustainability or model 2-4 of 

(Axelsson, 2010) to manage resource use and effects. Wairakei, Kawerau, and Ohaaki are the three 

oldest, developed geothermal systems in New Zealand. In Chapter 4, Ohaaki has been chosen as a 

further in-depth case study. 

 

2.4.1 Ohaaki: challenges to sustainable management and adaptation 

From the 1960s to 1970s, the government (Ministry of Works) drilled and tested exploration wells at 

Ohaaki (then known as Broadlands) and published an exploration report that predicted a rundown of 

well productivity of greater than 14% per annum. Crown water rights were granted in 1978 for 20 years 

under the WSCA for the extraction and reinjection of 103,200 tonnes per day (tpd) of geothermal fluid 

from the Ohaaki Geothermal System. A power plant with a gross capacity of 116 MWe was built and 

commissioned in October 1988. The plant operated at full capacity until 1993, with a surplus of steam 

capacity. After 1993, as a result of well calcite deposition, reservoir pressure and enthalpy decline and 

well condition factors, electricity generation began to decline. At this time, as part of adaptive 

management, changes were made, moving reinjection away from the productive resource to the 

perimeter of the system. The changes to reinjection were undertaken to reduce the degradation of the 

productive resource by cooling from injected fluids and groundwater incursion, and they were effective 

in that regard, though ongoing ground subsidence, consequent flooding and effects on thermal activity 

remained an issue. The power plant was also re-configured by removing one of the front-end high-

pressure back-pressure units initially installed, which meant that slightly less MWh per tonne of steam 

was produced. 
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Applications for resource consents under the RMA to replace the original water rights were lodged in 

1998. The applications recognised the run down in the resource and were structured around an 

electricity generation level of 80 MWe with a geothermal fluid take of 60,000 tpd. The request was for a 

25-year consent, but due to perceived uncertainties (especially regarding subsidence), the decision 

was made to allow a shorter (15-year) consent. Deeper drilling undertaken in 1995 and 2005 identified 

a deep reservoir in the north-west of the system, which was partially brought into production. 

 

Production continued to decline, eventually stabilising at a geothermal fluid take of about 40,000 tpd, 

which was the level of take allowed when the consents were renewed in 2013. A report covering the 

sustainability of the Ohaaki geothermal resource was prepared for the 2013 resource consent 

applications, which summarised earlier technical data and considered 2013’s numerical reservoir 

modelling predictions (O'Sullivan & Clearwater, 2013) and other data relating to the resource (Carey, 

2013). The geothermal fluid take was supported by numerical reservoir modelling (O'Sullivan & 

Clearwater, 2013), which predicted that a take of 40,000 tpd could be sustained over a 50-year period. 

The scenario modelling indicates that ≈90% of pre-development heat reserves would remain in the 

resource by 2060, underlining that energy depletion was not the principal limitation of production at 

Ohaaki. 

 

Large-scale production in the Ohaaki system has also caused external effects (notably subsidence and 

changes in significant geothermal features) that needed to be mitigated and remedied. The Marae 

(Māori meeting house) at Ohaaki is located in a subsidence bowl adjacent to the Waikato River. In 

1995, assuming a worst-case scenario, it was predicted that the Marae would be inundated at times of 

high river levels. The proposed mitigation at that time was to relocate the Marae to higher ground, away 

from the river. Subsidence proved to be less than predicted, in part due to declining production, and by 

the time of the 2013 resource consent applications, the local Māori decided to leave the Marae in its 

existing location with added protection against extreme flood levels (one in 100-year floods). The 

proposed protection and mitigation was an engineered solution, i.e., the construction of a protective 

bund or a raised platform. 

 

Subsidence on the Waikato River margins led to a loss in wetlands, assessed as a net loss of habitat 

hectares of wetlands (Rowe et al., 2013). The agreed-upon mitigation was to enhance and maintain 

degraded wetland, equivalent to the area of habitat hectares lost. Preparation of a Wetland Offset 

Programme to implement the agreed mitigation was a condition of consent granted for the Ohaaki 

Geothermal Power Plant.  

 

Prior to development, discharging features at Ohaaki included the Ohaaki Ngawha (large boiling spring) 

and several sinter-forming springs by the Waikato River, including a geyser (Lloyd, 1957). The Ngawha 

is identified in the Waikato Regional Plan as a significant geothermal feature. By 1998, due to a decline 

in reservoir pressures, there was no inflow or outflow from the Ohaaki Ngawha, and the water level was 

declining. Since 1989, discharge from the Ngawha has been supplemented by supplying separated 
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geothermal water into the Ngawha. Also, the base of the Ngawha was sealed in 1996 to minimise 

underground fluid losses (Bromley & Reeves, 2013).  

 

In summary, the initial development at a geothermal fluid take of 103,200 tpd, granted under the WSCA, 

could not be sustained, and a reduced take of 60,000 tpd was sought under the RMA in 1998 at the 

time the original consents expired. In the end, a geothermal fluid take of 60,000 tpd could not be 

economically sustained either, and production levelled off at about 40,000 tpd, depending on the drilling 

of make-up wells. Thus, the sustainable level of use of the Ohaaki geothermal system has been arrived 

at by progressively reducing the geothermal fluid extraction rate, which would suggest that Ohaaki fits 

Axelsson’s sustainability model – 4 (very weak – weak sustainability). Large-scale production also had 

significant environmental impacts that were gradually identified and managed (mitigated and remedied) 

as part of successive resource consents. Ohaaki is further discussed in detail in the Chapter 4 Case 

Study. 

 

2.4.2 Wairakei-Tauhara: 60 years+ ‘sustained’ production – the long-term resource challenge 

Wairakei, originally commissioned in 1958, is New Zealand’s oldest geothermal power project 

connected to the national grid. Wairakei and Tauhara are hydrologically linked geothermal systems with 

separate upflows, a part of which underlies much of the Taupo township. The history of Wairakei’s 

geothermal development is well-documented in Bolton (2009). The Wairakei-Tauhara system was 

estimated to be physically able to support ca. 510 Mwe (Wairakei) and 320 Mwe (Tauhara) of generating 

capacity (median value, 30-year timeframe [SKM-WRC, 2002]). The Wairakei geothermal project 

utilised multiple small turbines and a multiple-flash system, which with various reconfigurations 

produced 192 Mwe by 1963. A notable feature was that, for the first three decades of operation, there 

was no reinjection. Throughout its long development history and several consent stages, there has 

been extensive discussion on the assessment of the resource and management of effects.  

 

In the 20th century, Wairakei – Tauhara had two of New Zealand’s seven geyser fields: Wairakei Geyser 

Valley and Taupo Spa. These were destroyed by development activities around Wairakei. Other effects 

of the Wairakei development included: 

• subsidence; 

• changes to heat flow, including hydrothermal eruptions; 

• drops in the groundwater table; 

• changes to geothermal ecosystems; and 

• daily discharge of geothermal fluid and condensate with a large chemical and thermal load into 

the Waikato River. 

  

A separate power plant (called McLachlan or Poihipi Rd) in different ownership was permitted and 

commissioned in 1996 on the western side of the Wairakei resource. The initial application was filed 

under the WSCA in 1988, but because of extensive litigation, consents were not issued until 1995. 

Much of the litigation arose through having two competing users on the same resource, not only 
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potentially affecting each other but also potentially having cumulative effects with consequent liability 

issues. The plant had a generating capacity of 55 MWe, but was limited by the daily steam take 

permitted by consents and could not generate at its full capacity for a full day. The owners elected to 

operate at full capacity at times of daily peak demand (and peak spot prices) until the daily allocation 

was almost used up, then dropping back to 3 MWe generation overnight. Despite its technical success 

and this novel approach to the market, the project was a commercial failure, with the company going 

into receivership and the plant being purchased by the other operator on the system, Contact Energy, 

in 2000. Later, in 2001, the original owners of the McLachlan project applied for consent, which they 

were granted in 2006 (White, 2006; Burnell et al., 2016) for 60,000 tpd from an adjacent property. They 

drilled one deep well, but the project has not proceeded further.  

 

In 2001, Contact Energy applied for the renewal of the existing Wairakei geothermal consents, with 

Waikato Regional Council and Taupo District Council holding public hearings on the matter in 2004. 

This occurred at the same time as the Waikato Regional Plan was being finalised. These matters were 

subsequently heard by the Environment Court because of appeals. The Environment Court (Geotherm 

Group Ltd v Waikato Regional Council [2006] NZEnvC A047/06 [Geotherm-interim]) endorsed the 

Regional Plan classification of the six TVZ protected geothermal systems and endorsed that these could 

not be considered a source of energy for present and future generations as they protected values 

attached to intrinsic characteristics and provided benefits not available in developed systems. Their 

intergenerational protection is a fundamental principle underlying the geothermal policy, thereby 

allowing development systems such as Wairakei-Tauhara to focus on energy generation. 

 

In respect to the application for renewal of the Wairakei consents, the Environment Court appeal 

(Rotokawa Joint Venture Ltd v Waikato Regional Council [2007] NZEnvC A041/07 [Rotokawa]) and 

their decision referred to a comprehensive list of assessment criteria that included: 

 

[ix] The extent to which the proposed development affects the capacity of the system as a whole 

and its ability to provide for the reasonably foreseeable needs of present and future 

generations; 

[x] The extent to which the rate and volume of take will be controlled so as to manage the 

adverse effects on the geothermal system and the overlying environment over the long term 

and achieve sustainable management of the resource; (para [128]) 

 

Consent conditions were imposed that sought to reflect these concerns, including requirements for 

extensive monitoring. No minimum reinjection quantity or proportion of production was specified, and 

some ongoing discharge into the Waikato River was permitted, but the operator has subsequently 

adopted a greater proportion of reinjection and reduced discharge to the river.   

  

In 2007, an application was made for a new power plant at Te Mihi, on the north-western part of the 

Wairakei system, to progressively replace the ageing Wairakei A and B plants. Because it would be 
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more efficient than the older plant, it would create an increase in MWe output despite the gradual 

retirement of the old Wairakei A and B plant but would not require any greater fluid take. Hence, the Te 

Mihi fluid and energy take falls under the same fluid take consent (RC 104706: up to 245,000 tpd of 

geothermal fluid for electricity generation and associated purposes).22 The plant has now been 

constructed and commissioned (2014). This consent presently also serves the binary plant and the 

Poihipi Rd station and expires in 2026. Contact Energy is preparing for its re-consent. The system is 

expected to have sufficient capacity for another consent period (35 years). At that time, the old 

configuration with considerable discharge into the Waikato river is unlikely to be allowed to continue, 

but the same steam take is likely to be redistributed, so that “it is assumed that there will be no net loss 

or gain of capacity at the Wairakei system, whether that is achieved by fully re-consenting Wairakei A 

and B stations, re-configuring them with a smaller output and/or adding a third unit at Te Mihi” (Lawless 

et al.,  2020, p. 37).  

 

In 2010, an application for resource consents that would allow the construction and operation of a 250 

MWe power station in the Tauhara-part of the Wairakei-Tauhara system was heard. The decision by 

the Environmental Protection Authority Board of Inquiry (EPA-BoI, 2010) was as follows: 

 

[182] As we have said, should a geothermal resource be developed and its aquifers depleted, 

then resting of the field will eventually see it return to a state similar to its undeveloped state, 

through a combination of conduction and convection from the bottom up. The evidence of 

Professor O’Sullivan (O’Sullivan EiC at [9.43]) was that the time for this restoration is a function 

of the ratio of extraction rate to natural through-flow or recharge. For the Wairakei-Tauhara 

Geothermal System he considered, this would mean a recovery period of approximately seven 

times the operational period. We note that Mr Bromley told us that recovery of the production 

reservoir is likely to occur in a similar order to the time scale of depletion (EiC [4.2]). In either 

case, the resource will be available for future generations. 

... 

[325] The project would, through controlled depletion of the geothermal resource, enable the 

energy needs of current and future generations to be provided for in an efficient manner. (pp.56-

57) 

 

Consents for development at Tauhara were granted in December 2010. The main consent (No. 120544, 

EPA-BoI, 2010) for fluid and energy take was for a take of 213,000 tpd, with an expiration date of 

December 10, 2045, but this has not yet been exercised. At present, Contact Energy is developing the 

Tauhara-2 project, with the stated aim of developing it in stages. 

 

Despite some challenges, including subsidence effects and hydrothermal eruptions close to Taupo 

township, the Wairakei-Tauhara system has sustained production for more than 65 years, and Contact 

Energy is preparing to apply a consent application for another 35 years. The Wairakei-Tauhara system 

 
22 In 2011 additional discharge and land use consents were granted for the building of Te Mihi station, expiring in 2043.   
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could therefore be an example of a system that is being managed with ‘controlled depletion’ to supply 

the energy needs of multiple generations (~100 years). The NZ Courts accept that this can be done 

through “controlled depletion” and the subsequent “resting” of a system so that it can return to a state 

similar to its undeveloped state. This would suggest that the Wairakei-Tauhara fits Axelsson’s 

sustainability model-3 (weak sustainability). 

 

2.4.3 Kawerau: staged development by multiple users under a single reservoir model   

Kawerau is the easternmost large geothermal system with surface features before the TVZ runs 

offshore. It was first drilled in 1952 and utilised from 1957 onwards. From 1957 to 2006, a relatively 

stable supply of steam, sufficient to generate the equivalent of 40-45 MWe, was sourced from about 

1,000 m depth, although calcite scaling required a number of different bores to be used. This was used 

to supply high-grade steam to industrial processes, mainly for wood processing, such as pulp and paper 

manufacture and timber drying, plus in-house electricity generation. Some fluid was reinjected into the 

in-field area, and two small binary power plants used waste heat before discharging fluid to the 

Tarawera River. The Kawerau system remains the largest supplier of industrial heat from a geothermal 

resource in the world. It was estimated to be able to support ca. 450 MWe (equivalent) of generating 

capacity (median value, 30-year timeframe [Lawless & Lovelock, 2001]). 

 

The Crown-owned Kawerau steam-field infrastructure, which supplies the industrial processes, was 

developed prior to the RMA. Such existing geothermal licences were deemed to be water permits under 

the RMA, s 387, and the upstream infrastructure was purchased by the indigenous Māori Ngāti 

Tūwharetoa Settlement Trust in 2006.  

 

In 2004, a second developer, Mighty River Power (MRP, now renamed Mercury), began assessing the 

Kawerau resource for its ability to service a grid-connected power plant, as well as to provide industrial 

steam. By this time, there were more than 50 years of data from well-bore logs, production, and 

monitoring data. This data was used to inform a numerical reservoir model. On the basis of further 

drilling results and modelling, MRP developed a dual flash plant of 100 MWe net capacity. Fluid for this 

plant was sourced from as deep as 2,400 m, with fluid and condensate injected at a similar depth on 

the periphery of the system. 

 

An 8 MWe binary power station was developed in 2008 by Geothermal Developments Limited. Three 

further resource allocations were made in 2013: to supplement MRP’s 100 MWe plant, to supply fluid 

to a new power station by Te Ahi O Māui (commissioned in 2018 at 25 MWe), and to provide steam 

supply for potential direct heat development. The total installed capacity in 2019 is around 172 MWe. 

 

In Kawerau, four different entities have entitlements to use the geothermal resource under six different 

take-and-discharge permits (see Table 1). The total volume allocated is around 175,000 tpd, of which 
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140,000 tpd is being used at present. Around 80,000 tpd is reinjected; the remainder is lost from the 

system as steam or discharged into the river. 

 

Table 1 

Summary of Kawerau Production Consents (BoPRC et al., 2018) 

 

This complex arrangement of users has come about because the RMA cannot prevent numerous users 

from applying to use parts of the same resource (see Section 2.4.2) if they can demonstrate that their 

proposed use will not have significant adverse effects on other users or on the sustainability of the 

resource. 

 

For all four users to operate successfully and optimise resource use, a tightly integrated approach is 

required. Conditions of all of the resource consents for the Kawerau resource require: 

1. The use of a well-calibrated, numerical reservoir model common to all users;  

2. An integrated approach to providing monitoring data to inform that model;  

3. The use of a peer panel for expert review of the information and scenario testing/sensitivity 

analysis; and  

4. An ability to review all consents if significant adverse effects on the resource are observed or 

predicted by model scenarios. 

 

Successful management of the Kawerau system relies heavily on the use of a single, well-calibrated 

numerical reservoir model - initially the White model (ca. 2005-8), and subsequently the dual-porosity 

Holt model (2008 – present). This is based on a single conceptual model and tied to a single subsidence 

model. The resource estimation is, therefore, via production scenario analysis, using numerical 

reservoir models as the primary management tool. Great attention is paid to making sure the model 

matches all information on the reservoir and to understanding the uncertainties in model predictions.   
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Kawerau is an example of staged development with two significant perturbations to the resource so far. 

There has been time to assess the response to those perturbations, which has been very helpful in 

refining the model. However, while the developer will specify scenarios to assess the availability of the 

resource for commercial use, in Kawerau, the regulator (BoPRC) also specifies scenarios to assess the 

effect of various takes on the expected sustainability of the resource. In the Bay of Plenty, the policy for 

assessing sustainability requires a case-by-case use of these resource considerations for its extractable 

energy use values (BoPRC et al., 2018): 

• the level and certainty of scientific information on the particular system;  

• the size of the geothermal energy resource;  

• the rate at which the energy within the geothermal system is proposed to be extracted, and 

the timeframe over which any proposed rate of take of geothermal energy is predicted to 

be able to be sustained, informed by modelling for a period of at least 50 years (the 

depletion rate is a matter for decision-makers to determine when an application is being 

considered);   

• the predicted quantity of energy available for extractive use at the end of 50 years; 

• the predicted length of time that the geothermal system will take to recover once extractive 

use ceases; 

• the overall management of the geothermal resource, including the depth and locations of 

the proposed take and return of geothermal fluid, and the impacts of such management on 

the longevity of the resource; and 

• once extractive use has commenced, how closely the observed changes to the geothermal 

resource affecting its productive capacity and longevity match the modelled or predicted 

effects by review of the data and other information collected. This information could include 

pressure, temperature, chemistry, surface water flow, or level and vegetation monitoring 

indicating the state of the geothermal resource, including identified changes to geothermal 

features. 

 

Kawerau has been a producing development geothermal system since 1957. The initial development 

showed little loss of enthalpy or pressure. Based on a well-calibrated model, further tranches of fluid 

have been allocated to a number of different users. The first of these new perturbations is showing a 

good match with predictions, giving confidence that further allocations can be made. A total of 176,000 

tpd has been allocated (with consents until 2040-2050), of which around 140,000 tpd is being used, 

generating around 172 MWe. The system was assessed as being able to support around 450 MWe 

(Lawless & Lovelock, 2001). Thus, a sustainable level of use of the Kawerau geothermal system has 

been arrived at by progressively increasing the geothermal fluid extraction, while doing intensive 

monitoring and matching of these data to the model (Axelsson’s sustainability model-2; weak-strong 

sustainability). 
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2.4.4 Take away from case studies  

Ohaaki, Wairakei and Kawerau are the three oldest geothermal systems to be developed in New 

Zealand, showing different experiences with sustainable management, which line up well with 

Axelsson’s (2010) models (see Section 2.1.3). 

 

a) As mentioned in Section 2.1, there are no known examples of commercial-scale geothermal power 

production (neither around the world nor in New Zealand) of ‘constant production below the rate of 

renewal’, which could be seen as (very) strong sustainability on the scale introduced in Section 2.1) 

b) Kawerau was developed around 65 years ago, but in a much more gradual manner than Wairakei-

Tauhara. It has multiple developers with competing interests, and information is generally kept 

confidential. Because of this, and the fact that the regulator has taken tight control of the 

development of new projects under a single-model and System Management Plan approach, 

development is very gradual and pre-cautionary. It still has a large additional capacity available but 

is unlikely to be developed to its full capacity (e.g., see Lawless et al., 2020). It is likely to last at 

least 100 years, probably longer. This would place it as Axelsson’s model-2 ‘step-wise increase in 

production until a sustainable equilibrium is reached’. This could be seen as ‘weak-strong 

sustainability’ on the scale introduced in Section 2.1. 

c) Wairakei-Tauhara has been a large producing system for 65 years and is well-researched and 

published. It has recently been re-consented for another 35 years and seems to have at least that 

length of future resource production left. It is therefore expected to have at least 100 years of total 

production potential, but at a certain point will need to be rested for a similar amount of time to 

recuperate for future generations. This would place it as Axelsson’s model-3 ‘intermittent production 

with breaks’. This could be seen as ‘weak sustainability’ on the scale introduced in Section 2.1. 

d) Ohaaki was only fully commissioned in 1988, although its history of exploration and test production 

goes back to the 1960s. It has been producing for more than 30 years now and has another consent, 

although at a gradually lower capacity for the next (almost) 30 years. It is unlikely to produce further 

after that and will need a considerable period to recuperate. This would make it an example of 

Axelsson’s model-4 ‘reduced production after a shorter period of heavy production’. This could be 

seen as ‘very weak’ to ‘weak sustainability’ on the scale introduced in Section 2.1. 

 

All three of the NZ cases above are examples of long-term (50 – 100 years+) geothermal production 

under ‘controlled depletion’, fitting the RMA’s definition of ‘sustainable management’ for individual 

systems, but all of them show some level of ‘weak sustainability’. A higher level of sustainability for the 

management of geothermal resources in these regions, therefore, clearly depends on the described 

‘hierarchical’ portfolio approach, whereby WRC and BoPRC need to reserve and properly monitor and 

manage the overall geothermal resource portfolio in their regions. This approach and ways to improve 

it will be further discussed in the following Chapters 3, 4 and 5. 

 

The Ohaaki project has had the most challenges in terms of sustainable management of its production 

and provides a good case to research changes in sustainability definitions and resource assessment 
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over time, from technical and from socio-economic perspectives. There is a lot of information available 

(three public consenting stages), but much of it is unpublished. For these reasons, Ohaaki has been 

chosen as the detailed case study in Chapter 4. 

  

2.5 Comparison with other countries 

In previous publications (Campen van, 2015; Campen van & Rai, 2015; Campen van & Petursdottir, 

2016), the geothermal regulation and approach to sustainability in New Zealand was compared to that 

in other leading countries developing geothermal power generation around the world. All of these 

selected countries share similarities in their aim to balance the development of (mostly) publicly owned 

geothermal resources with environmental and community requirements. But each country has 

developed its own set of regulations, institutions, monitoring, and investment policies with or without the 

inclusion of a strong sustainability component. Details for these five case studies can be found in the 

above-mentioned publications. Summary and analysis find that:  

 

1) Geothermal regulation is complex and encompasses at least three distinct areas (discussed 

below). It is important to note that different institutions, not all of which necessarily have a major 

focus on or expertise with geothermal projects, design and manage geothermal regulations. 

Streamlining of the different regulations and institutions would assist geothermal development but 

could take time. The three areas are: 

a) Ownership and access to the underground resource: In geothermal development – as with 

similar high-investment, high-risk exploration and production developments in other natural 

resource sectors such as mining, oil, and gas – clear procedures need to exist before (often 

private) companies are willing to invest the large amounts of capital needed in the subsequent 

phases of geothermal development (Campen van & Rai, 2015; IRENA et al., 2015). These 

countries’ cases show that access to the underground resource can be done either through 

direct contracts or auctions with the national government (Chile, Kenya, the Philippines) or 

through access contracts with landowners, combined with a resource consent from regional 

authorities (New Zealand). In Iceland, geothermal resources can be owned by private entities 

that own the land above the resource, but in practice, most of the land with geothermal 

resources is owned and/or developed by public/government entities (Campen van & 

Petursdottir, 2016). 

 

In all cases, a clear framework or ‘contract’ needs to exist for the developer to use a certain 

amount of heat or fluid resource over a minimum period to provide a (potential) future 

generation facility. Care has to be taken that procedures and conditions are fit for specific, 

sustainable geothermal resource use and that they strike the appropriate balance between 

investor certainty and flexibility vs public control and monitoring of resource use. Agreements 

on resource payments (royalties) for the use of a public resource are generally encompassed 

in these regulations and contracts.  
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b) Electricity market regulations: Geothermal projects combine aspects of other natural resource 

industries such as oil (with an open, global commodities market), but they are required to sell 

the power produced on local, often highly regulated electricity markets. Important aspects to 

consider when designing appropriate regulations are:  

• Access to (and costs involved in) the electricity market and transmission system, and  

• Power pricing and contracting, either through contracting with a state-owned monopoly 

such as Kenya Power and Lighting Company (KPLC) in Kenya or through free-market 

negotiations and power purchase agreements (PPAs), as in Chile, New Zealand, Iceland 

and the Philippines.  

 

Additional regulations/subsidy mechanisms such as feed-in-tariffs (Kenya and the Philippines) 

or other renewable support mechanisms (e.g., NCRE credits in Chile and the emissions trading 

market in New Zealand) might help support the financial viability of a potential geothermal 

project. Of prime importance, however, is whether the primary contract provides sufficient price 

certainty and long-term security (preferably 20+ years), as well as contract conditions for the 

developer/investor to have sufficient confidence to invest hundreds of millions of USD in a 

geothermal project with the associated risks, especially during the exploration phase.  

 

c) Environmental regulations and sustainability: Impacts of fluid chemicals, reservoir subsidence 

and (adverse) changes to ecosystems due to the geothermal production and associated 

infrastructure can be significant. This needs to be properly regulated and monitored to strike a 

balance between resource usage and (local) environmental impacts. Resource longevity and 

sustainability (as defined in this thesis) is seen as a separate environmental issue and often 

are not well-regulated in most countries, except for Iceland and New Zealand (see below).  

 

In all five countries, the environmental review process is project-based, whereby developers 

need to supply Environmental Impact Assessments and demonstrate to the authorities that 

these impacts are minor or can be mitigated. This generally includes a public 

participation/feedback process. The detail of scrutiny and subsequent monitoring varies by 

country. Most of the environmental assessment is focused on ‘external’ environmental 

effects/impacts, except for Iceland and New Zealand. 

 

In New Zealand, the RMA (1991) is specifically based on ‘sustainable management’, including 

specific regional policies and frameworks for the sustainable management (future availability 

and longevity) of the geothermal resource itself. As described in Sections 2.3 and 2.4, in reality, 

in New Zealand, the management of individual geothermal systems amounts to a type of ‘weak 

sustainability’ with an expected controlled depletion over 50-100 years, after which resting and 

recharge is expected, which will make that resource available again in the foreseeable future. 

This is complemented with a hierarchical portfolio approach, in which all geothermal resources 

have been assessed, and some are conserved for future generations. 
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Iceland has a strong National Planning Agency that implements the long-term Master Plan for 

Nature Protection and Energy Utilization (2011), which is aimed “to reconcile the often-

competing interests of nature conservation and energy utilisation on a national scale” 

(Government of Iceland). The proposed definition for ‘sustainable geothermal energy 

production’ was “to maintain an unaltered level of energy generation from the system over a 

very long period of time (100-300 years)” (Government of Iceland, 2011; Axelsson, et al., 2005). 

However, this was never formalised. Note that this definition/time period (100-300 years) is 

generally deemed to include periods of resting and recharge (see Axelsson et al., 2005) and 

Section 2.1.3). No specific plan (or portfolio policy) exists to protect certain resources for future 

generations. Step-wise development is foreseen by reviewing (geothermal) energy resources 

and creating a priority plan in phases of five years. The Master Plan is presently in its fourth 

Phase. Monitoring of the plan and geothermal resources is the responsibility of the National 

Energy Agency (NEA) with the aim that official monitoring leads to the long-term welfare of the 

nation, security and health. The NEA has included sustainability requirements in utilisation 

licenses, including a limit on steam depletion, a limit on pressure drawdown and temperature, 

etc.  

 

In countries with little geothermal development experience (such as Chile and most other 

Andean countries), implementing geothermal regulation with regards to new geothermal 

projects will generally require considerable time and adequate discussion among various 

stakeholders involved (developers, energy and economic, political and environmental 

authorities, as well as other affected parties such as local populations) to derive appropriate 

processes and regulations.  

 

An important public awareness-raising task often lies with government authorities to explain 

that a well-managed geothermal project is much different to and generally has lower 

environmental impacts than an extractive mining, oil, or gas project (more common in many 

areas). Such an initiative has been taken on by the government of the Philippines. Other 

countries, such as Chile, Iceland and New Zealand, have created a one-stop window to process 

environmental licence requests covering all (or most) environmental regulations in one 

application, facilitating the process for developers.  

 

2) Community participation, including indigenous populations, needs to be integrated from the 

initial phases. Geothermal projects – if well-managed – generally have relatively lower impacts on 

their wider environments than most of their conventional alternatives; however, communities 

generally still will have their surroundings affected, potentially both positively and negatively. In 

many regions, geothermal resources are located in remote, pristine and conservation areas often 

inhabited in large part by indigenous peoples that have a special productive, cultural and/or spiritual 

connection with the natural resources, including geothermal.  
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In all five countries reviewed for this thesis, various ways of involving and rewarding (indigenous) 

communities in the process of developing geothermal power plants have been implemented. 

Depending on historical, social, and legal circumstances, this can be through a combination of 

national legislation and sharing of royalties (the Philippines); land ownership, development 

partnerships, access, and regional environmental requirements (New Zealand); and national and 

international guidelines, e.g., World Bank Operational Project Guideline OP4.00-4.01 (Kenya) or 

International Labour Organisation Convention No 169 of Indigenous People (Convenio Nº 169 sobre 

Pueblos Indígenas y Tribales en países Independientes) (Chile). In all five cases, participative 

processes have assisted successful geothermal projects and helped to create sustainable, lasting 

relationships with local communities, benefitting all parties (e.g., by providing access roads, local 

labour, development partnership and wealth generation, schools and other educational 

opportunities). 

 

3) Risk and investment policies are of prime importance. In all five countries studied, (new) 

geothermal projects are to be developed in large part by private investors; however, important 

observations/caveats for newly developing geothermal nations are: 

a) A large, critical base of geothermal experience and expertise that has been built by 

government-sponsored programmes, absorbing much of the initial geothermal development 

risk (Iceland, Kenya, New Zealand, the Philippines). 

b) Ongoing government programmes exist to various extents to mitigate (financial) risks of 

geothermal development, taken by private companies. In Kenya, there is significant support, 

with the government-owned Geothermal Development Company (GDC) implementing much of 

the steam-field exploration and resource proving as well as feed-in tariffs and the setting up of 

the multilateral Geothermal Risk Mitigation Facility. In the Philippines, there is presently less 

support, with reduced taxes and government-led pre-exploration programmes, but feed-in-

tariffs have not been extended to include geothermal power plants. New Zealand has limited 

support, with only an Emissions Trading Scheme and limited support from a National Policy 

Statement on Renewable Generation (NPSREG, 2011), but geothermal projects are 

strategically located and well explored, and hence among the most competitive new generation 

projects. Support schemes for geothermal generation in Iceland are also minimal, largely 

because electricity production is already around 99.9% from renewables. There is, however, 

an opportunity for foreign investors to apply for an investment agreement with the Government 

of Iceland. Approved investment incentives include reductions of taxes and charges, a fixed 

income tax rate for a period of 10 years, as well as exemptions from customs and excise duties 

on importation. (Campen van & Petursdottir, 2016). 

c) Chile, the most advanced Andean country in geothermal development, has had much success 

in attracting private developers to invest in the (pre)-exploration stages, but only one project 

has been commissioned. Several international developers have left. Barriers mentioned are, 

among others, high cost and risk involved, absence of supportive risk policies, local/indigenous 

opposition and problems reaching appropriate electricity off-take contracts (Reed, 2013; 
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Sanchez-Alfaro et al., 2015)). Several options for exploration (drilling) risk and transmission 

policies are being explored with the industry, government and other stakeholders in Round 

Table discussions to lower these barriers. 

 

2.6  Summary and discussion 

As described in Chapter 1, to answer the Research Question of ‘how sustainable’ the use and 

management of geothermal resources in NZ are, it is necessary to explore the concepts of 

‘sustainable/sustainability’ (Section 2.1.2) and scales of how much and how to measure this (Section 

2.1.3), first in general, then in terms of geothermal resources and more specifically for New Zealand. 

 

2.6.1 A flexible, but clear and consistent (international) definition of sustainability 

In (international) literature, there are many definitions of sustainability, but most of the contemporary 

discussion has been informed by the publication of the Brundtland Report of the United Nations (World 

Commission on Environment and Development, 1987), where sustainability or sustainable development 

is defined as “development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs”. In this, two elements are important: ‘needs’ with a particular 

focus on the essential needs of the world’s poorest (an equity/economic dimension) and limitations of 

the environment’s ability to meet present and future needs (a resource/environmental dimension with 

an intergenerational equity dimension).  

 

Sustainability is therefore not seen as absolute, and different dimensions of sustainability (even within 

the environmental dimension, e.g., longer-term limitations to (geothermal) energy resources vs the need 

to rapidly reduce greenhouse gas emissions in our energy systems) can require trade-offs between 

these sustainability dimensions. Changes/improvements in technology and social organisation can also 

modify the impact on future generations and the environment’s carrying/regeneration ability. The focus 

of this engineering thesis is on measuring and managing the physical, natural/environmental dimension 

(geothermal resource longevity, renewability and availability for future generations).  

 

It is shown that much debate around sustainability focuses on a simple dichotomy: sustainable or not, 

weak vs strong sustainability, but the above-mentioned multi-dimensional sustainability perspective 

requires looking for a measure of sustainability that is not as absolute or black-and-white but allows for 

the required scales and trade-offs. 

 

With Hediger (1999, 2000, 2006) and others, the concept of a more flexible, fluid spectrum from very 

weak – weak – strong – very strong sustainability is explored, which includes economic capital, natural 

capital and ecological capital (including renewable resources – both used and unused). In contrast to 

some of the interpretations of ‘very strong sustainability’ with implications that (all) natural resources 

should be preserved at their current state, this approach focuses the discussion on ‘critical natural 

capital’ and ecosystem resilience. This introduces a degree of flexibility between weak and strong 
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sustainability. In the context of renewable resources (such as forestry, fisheries and geothermal), the 

above approach focuses on the rate of regeneration and avoidance of irreversibility (reproductive 

collapse) and (permanent) depletion.  

 

In this geothermal engineering thesis, ‘sustainability’ is therefore defined as a process for managing 

natural, renewable resources, to reach some level of equilibrium between resources needed for 

development in the present (rate of use) and the rate of renewal/conservation of resources available 

for future generations, while avoiding irreversibility in damages, permanent depletion and continual 

diminution/collapse of renewal rates (ecosystem resilience).  

 

There are deemed to be multiple dimensions of resource sustainability (e.g., availability of geothermal 

resources vs the desirability of low-carbon power sources). Hence, trade-offs are possible, and the 

defined sustainability should be seen on a spectrum or scale (e.g., from very weak to very strong) rather 

than a dichotomous sustainable or not (weak or strong)’. 

 

2.6.2 Geothermal renewability and sustainability in the international context 

Building on the above general definition of sustainability, geothermal is shown to be a renewable 

resource, and its ultimate source (the earth’s heat stock and radiative heat production) is so large and 

sufficient for such a long timescale (millennia) that this can be seen as almost infinite. Whether (or how) 

‘geothermal is sustainable’ depends on how it is used. For (commercial) geothermal power generation, 

the rate of use is generally higher than the rate of renewal/recharge, but - if well managed – 

recharge/renewal rates actually increase during production (no reproductive/regenerative collapse) and 

a temporary draw-down/depletion of individual geothermal systems can be recuperated in similar/order-

of-magnitude ‘human’ timeframes as their use. Damages to geothermal systems are generally 

reversible, and the renewal/recharge rate often actually increases with higher production. This provides 

the basis to apply the above-described (very) weak to (very) strong sustainability approach to 

geothermal resources use, e.g., see the three case studies in Section 2.4.  

 

In the geothermal literature itself, there is little specific debate on sustainability, but there is considerable 

discussion on the length of production horizons, with 100-300 years (including recharge periods) often 

seen as ‘sustainable’. Axelsson (2010) introduces some models or modes of geothermal use, which 

can be put on the introduced (very) weak – (very) strong sustainability scale. In this thesis, the focus is 

on the resource longevity and availability side of geothermal sustainability rather than other 

(environmental) impacts/effects.  

 

Sustainable Management in NZ under the RMA 

In New Zealand, geothermal resource management is regulated under the RMA (1991), which is based 

on the purpose to promote the sustainable management of natural resources (including geothermal). 

The RMA also includes multiple sustainability dimensions (although more limited in scope on socio-

economic aspects): including external environmental effects (including climate change mitigation) and 
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resource use itself (see Section 2.2.2). Geothermal, wind, solar and other resources are specifically 

defined as renewable under the RMA, s 2. 

 

At the inception of the RMA, the purpose and principle of the RMA was to introduce a non-negotiable 

bottom-line of environmental sustainability (strong to very strong sustainability). However, in the final 

formulation of the RMA (including terms like ‘promote the sustainable management ..’), this was watered 

down, and interpretation in consent practice and courts has further tended towards no ‘environmental 

bottom line’, but an ‘overall judgement’ approach where economic development incentives could easily 

be traded off against environmental/resource sustainability. Hence, using the international definition 

and scale developed under Section 2.1, the NZ/RMA’s definition and practice of ‘sustainability’ tends 

towards very weak to weak sustainability. 

 

However, in the EDS vs King Salmon case (2014), the Supreme Court called for limitations to the 

‘overall judgement’ approach and upheld an environmental bottom line in areas where there were clear, 

national environmental policies and planning rules (like the NZCPS, 2010). However, very few such 

NPS have been created. In the energy area, 2012 saw the introduction of the NPS on Renewable 

Electricity Generation 2012 with its aim for Councils to encourage renewable electricity through their 

policies and plans. Following the King Salmon case, this NPS could arguably carry more weight to 

actively encourage renewable (including geothermal). However, this might actually increase the 

pressure to use more of the existing geothermal resources, creating potential tension and trade-offs 

with geothermal resource sustainability. 

 

At present, the RMA environment does not have such clear national guidelines/policies (such as 

NZCPS, 2010) in areas such as geothermal energy. Geothermal policies and regional/spatial planning 

for geothermal resource use are implemented by the regional councils (BoP and WRC; see below and 

Section 2.3). The proposed replacement legislation for the RMA has some strong recommendations to 

include, among others; biophysical limits/environmental bottom lines23, a more strategic/planning 

approach to resource management (rather than focus on individual systems) and improved national 

direction and National Policy Standards. This could provide the opportunity for the development of a 

National Policy Standard on Geothermal Resource Management in the future, but this is not expected 

in the near future. The first draft of the new legislation seems to be under similar opposing forces (see 

Section 2.2.4) as the original RMA and in danger of being (significantly) watered down, including the 

omission of the principle of sustainable management as an express purpose altogether. 

 

For the coming years, geothermal resource management in New Zealand will be steered by the regional 

policies and consenting practices of the main regional councils involved (see below and Section 2.3 for 

details). A full review of the pros and cons of introducing National Policies in an area such as geothermal 

is outside the scope of this engineering thesis. It will be argued, however, in Chapters 3 and 4 that, in 

any circumstances (national or regional geothermal resource management), proper resource 

 
23  Although geothermal water/energy is not mentioned. 
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assessment, harmonised information gathering and portfolio management are a necessary (if not 

sufficient) basis to improve geothermal resource management in NZ. 

 

2.6.3 Implementation of Geothermal Sustainability in NZ 

Under the RMA, the responsibility for planning, implementing and monitoring the sustainable 

management of natural (including geothermal) resources falls to regional authorities. In the case of 

geothermal resources, this falls mainly to the WRC and BoPRC, where most of NZ’s geothermal 

resources are located. Both regional councils have developed Regional Policy Statements (RPS) and 

Regional Plans (RP) to make sure geothermal resources will be available for future generations. In 

these cases, it is accepted that large-scale power production is not fully compatible with the 

conservation (very strong sustainability) of the individual geothermal system used. Hence, an overall 

hierarchical portfolio policy has been developed (and confirmed through resource consenting practice 

and jurisprudence), whereby some geothermal systems are fully protected (very strong sustainability), 

while other development systems are allowed to be used under ‘controlled depletion’. Under ‘controlled 

depletion’, such designated geothermal systems are allowed to be gradually drawn-down (if not fully 

depleted) over long periods, with a general time horizon of 50 – 100 years. This seems shorter than the 

time horizon of at least 100 years that is used in many other regional policy areas (e.g., coastal 

management), but on the other hand, after this period, there is an expectation of resting and 

recuperation of these development geothermal systems (for a similar period), after which they will 

subsequently be available again for future generations.  

 

This indicates that the sustainability of individual geothermal systems in New Zealand also tends 

towards the weak sustainability side. A review of three case studies (Section 2.4) of NZ’s oldest 

geothermal systems (Ohaaki and Wairakei-Tauhara in WRC, and Kawerau in BoPRC) shows that, in 

reality, the controlled depletion of these development geothermal systems indeed results in sustainable 

management over 60-100 years+ timeframes (with expected recuperation thereafter). These cases 

could respectively be classified as very weak-weak (Section 2.4.1 Ohaaki), weak (Section 2.4.2 

Wairakei) and weak-strong (Section 2.4.3 Kawerau) sustainability. 

 

On an individual system basis, this is likely less than the intention at the design of the RMA (see Section 

2.3.2) but seems in line with (or better than) sustainable resource management practice in other natural 

resource areas in New Zealand (e.g., freshwater management). Ohaaki’s very-weak sustainability is 

deemed an approach of individual geothermal resource management to be avoided.  

 

In comparison to other geothermal countries (see Section 2.5), New Zealand’s geothermal regulatory 

environment seems to have a stronger emphasis on sustainability and a bigger focus on demonstrating 

long-term production potential and availability for future generations. Only Iceland seems to have a 

similar focus on long-term sustainable production (100 – 300 years, which includes resting/recuperation 

time). 
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The additional strength of the NZ geothermal resource management approach is the explicit focus on 

portfolio management through the Regional Policies of WRC and BoPRC, with a specific designation 

of systems protected for future generations. This should result in a situation where geothermal 

sustainability in NZ constitutes a higher level overall (weak +).  

 

However, as argued in Section 2.3.3, this would require regular and comparable/harmonised resource 

assessments of all (not just development) geothermal resources to assure sufficient resources are still 

available for future generations and a defined value of the geothermal resource/stock to be maintained 

over time. As per Section 2.3.3, this is not the case in New Zealand (WRC and BoPRC), and there are 

considerable deficiencies in technical assessment methods and portfolio resource management 

systems. Chapters 3 and 4 explore these in more detail and explore and suggest technical options to 

answer the second part of the research question: ‘What improvements to resource assessment, 

management, and monitoring may be desirable to achieve better sustainable management of the 

resource?‘ 
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Chapter 3 Geothermal Resource Assessment and Adapted UNFC Framework for 

New Zealand 

In many jurisdictions, including New Zealand (see Section 2.5), governments want to manage their 

natural resources but have chosen to allow private developers to explore and develop such resources 

while trying to maintain some level of control over overall resource management and planning. This 

means public regulators in such areas as geothermal (as well as mining and petroleum) sectors 

generally have to find a balance between allowing private developers freedom and commercial 

information exclusivity on the one hand and gathering central information on the other hand in order to 

better manage and plan the public resource. Resource management, reporting requirements and 

standards are an essential part of this. The mining and petroleum sectors are much larger than the 

geothermal sector and have global coverage. They also have a long history of assessing, monitoring, 

and reporting resources, which could offer useful lessons for the geothermal sector. 

 

Section 3.1 starts by describing an overview of geothermal resources, systems and project development 

stages, including similarities and differences with mining and petroleum projects, as well as details of 

resource assessment methods to assess individual geothermal projects at different stages. 

 

Section 3.2 describes the need and implementation of different aggregation and portfolio resource 

management systems in the geothermal, petroleum and mining sectors. The global geothermal sector 

is quite small (in comparison to mining and petroleum) and with few global players. Hence, few globally 

recognised geothermal resource management systems have been developed or are in use (see Section 

3.2.3). In contrast, the mining and petroleum sectors are global industries, with many globally operating 

players, and hence, in both sectors, internationally recognised resource management systems have 

been developed over preceding decades. These can provide lessons for the geothermal sector. 

 

Section 3.3 describes the example/case study of the recent adoption of SPE-PRMS in the New Zealand 

petroleum sector (2008 to 2015) and the lessons and experiences learnt. This could also provide 

lessons for the NZ geothermal sector. There are, however, significant differences between the 

petroleum and geothermal sectors from a regulatory and resource management perspective. In New 

Zealand, geothermal and petroleum resource allocation and management are regulated by different 

acts (RMA and CMA24 respectively – see also Chapter 2 and Section 3.3), leading to quite different 

resource management and reporting regimes. In the petroleum sector, there is no requirement to 

manage the resource or so-called ‘depletion rates’ sustainably25 and petroleum resource management 

is generally largely based on the desire to manage financial streams such as royalties on behalf of the 

public. Another important aspect of petroleum resource management is for the purposes of national 

energy planning. The way geothermal resource management is organised in New Zealand at the 

 
24 Note, however, that the ‘external’ environmental impact of petroleum projects in New Zealand still fall under the RMA, but not 

petroleum resource allocation. 
25 The RMA-definition of "sustainable management" in the "purpose" section (s 5.2[ a]), specifically excludes minerals: ‘(a) 
sustaining the potential of natural and physical resources (excluding minerals) to meet the reasonably foreseeable needs of 

future generations’. 
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regional level, neither royalties nor national energy planning, have a significant role in geothermal 

regulation. However, as highlighted in Sections 3.2 and 3.3, the fact that natural geothermal resources 

in New Zealand are to be managed sustainably (in a hierarchical portfolio-based system) should 

logically further advance the case that the whole geothermal resource portfolio needs to be well 

assessed and managed in order to assure sufficient geothermal resources are available for future 

generations. 

 

Section 3.4 discusses in further detail some of the intricacies of the New Zealand geothermal regulation, 

what this means for uncertainty, information requirements and resource management of geothermal 

resources in New Zealand, both on an individual system and portfolio level. These are important 

elements required to adapt a PRMS-type geothermal resource management system for useful 

application in New Zealand. 

 

Section 3.5 describes the new UNFC geothermal classification framework and UNECE-IGA 

specifications and how they could be adapted and applied to NZ geothermal resources. This will then 

be applied in Chapter 4 to the specific case study of Ohaaki. 
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3.1 Geothermal resources, projects and assessment methods 

The second part of the research question focuses on what (technical) improvements can be made to 

geothermal resource assessment, management and monitoring in New Zealand. To explore this 

question, the following section first describes how geothermal systems work, how projects are 

developed in the context of high risk and exploration costs for geothermal (and other underground 

resources) and what basic resource assessment methods are generally used. 

 

3.1.1 Overview geothermal resources and power systems 

The word geothermal derives from the Greek words ‘geo’ (meaning ‘earth’) and ‘thermos’ (‘heat’). 

Geothermal systems use underground heat, which ultimately derives from radioactive decay in the 

interior of the earth. This ultimate heat resource is so large (conservatively estimated at 3.9 -108 EJ, 

sufficient for supplying the world’s primary energy demand for 1 million years; Rybach, et al., 2000), 

that it can be seen as an almost infinite, renewing source. This heat is so intense that it creates molten 

rock or magma, which circulates, convects and conducts heat to the earth’s mantle. Over geological 

times, this has accumulated vast amounts of stored heat/thermal energy in the earth’s crust all around 

the world. However, in more limited, natural circumstances, especially around plate boundaries and 

other volcanically active regions (see figure 4 below), this heat and/or magma can come closer to the 

surface and create natural manifestations such as hot springs, fumaroles, geysers, etc. Such natural 

features have been transporting large amounts of heat to the earth’s surface and are being replenished 

over thousands of years from the earth’s interior, illustrating the principled renewability of the 

geothermal resource. Such features have also been observed and used since ancient times, e.g., the 

Romans used these for thermal baths, as well as space heating. 

Figure 4 

Plate Boundaries and Pacific 'Ring of Fire' (BGS, 2022) 
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Where this heat source comes close enough to the surface, is sufficiently hot, and meets some other 

criteria (see below), the heat can also be used on a larger, industrial scale to generate electricity (e.g., 

Ohaaki and Wairakei, see Sections 2.4.1 and 2.4.2) and/or provide direct heat (e.g., Kawerau, see 

Section 2.4.3).  The first geothermal electricity production occurred in 1904, at the Larderello geothermal 

system in Italy, with a small power generator that lit four light bulbs. By 1911, the world's first geothermal 

power plant was built at Lardarello, which was the world's only industrial producer of geothermal 

electricity until 1958, when the Wairakei geothermal system was developed in New Zealand (see 

Section 2.4.2). By 2020, more than 16 GWe (Huttrer, 2021) of geothermal power generation capacity 

had been installed worldwide, largely along the discussed plate boundaries (see Figures 4 & 5). 

 

Figure 5 

Geothermal Power Plants (Huttrer, 2021) 

 

 

As mentioned in Chapter 2, to be economical, such large-scale use generally results in more heat being 

extracted from the target reservoir than the amount that can continuously be replenished or recharged 

from the deeper magmatic source. This means that such production can generally not be sustained 

indefinitely, although when production from the target reservoir ceases, natural recharge continues, and 

reservoirs generally replenish in similar timeframes (100 years+). 
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Figure 6 

Sketch of a natural Geothermal System (Barbier, 2002) 

 

 

 

Many different types of geothermal systems exist, and these can be categorised in many ways. One of 

the simple categorisations is between geothermal systems based on direct magmatic/volcanic 

resources and those without. The former is generally associated with plate boundaries (e.g. New 

Zealand, Chile, Philippines, Kenya) or mantle hot spots (e.g. Hawaii, Iceland). These geothermal 

systems occur less frequently but are generally much hotter, and most active geothermal power 

generation plants are associated with these systems (see also Figures 4 and 5). Figure 6 shows a 

simplified diagram of such a typical geothermal system. Heat from the inner earth is conducted and 

convected closer to the close surface in volcanic areas with magmatic intrusions, heating a close 

surface rock reservoir. For an economically successful geothermal power project, such a reservoir 

should itself be made up of permeable rock, through which fluid/water can flow easily. In contrast to 

petroleum reservoirs, most of the energy (reservoir heat) is stored in the rock, but hot fluids (water) 

are needed to bring the heat to the surface through one or more wells. Of course, such a reservoir/rock 

area should be large enough to support feasible geothermal power plants for several decades of 

production life at a minimum. The reservoir should also be hot enough to facilitate good electricity 

conversion efficiency. For long field life and reservoir management, a good geothermal reservoir should 

also be well capped (have impermeable caprock) to prevent too much inflow of cold groundwater, 

which could dilute the reservoir fluids and lower reservoir temperatures too fast. However, a reservoir 

should have enough permeability within the reservoir to facilitate the reinjection of fluids and recharge 

flow to continually transmit the stored heat from rock to the fluid to be extracted through the well(s).  
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Preferably, the characteristics of such fluids should be benign, e.g., low-acidity/near-neutral pH fluids 

for low corrosion rates, and low scaling potential to prevent damage to pipes, wells and other equipment. 

Once the hot fluids are brought above ground through one or more wells, they will be transported 

through steam pipes to a steam power plant. As the energy density of geothermal steam is relatively 

low (e.g. compared to oil or gas), transport distances should be relatively small, and economical 

geothermal projects should preferably be located close to electricity demand and/or transmission lines 

to lower the costs. Hence, identifying potentially feasible geothermal power projects requires a large 

amount of exploration and data gathering with many similarities and some differences to other 

underground resource projects, such as petroleum and mining (see 3.1.2). 

 

3.1.2 Geothermal and other underground resource development and resource assessment   

Like petroleum and other underground mining projects, geothermal projects are characterised by high 

and risky up-front investments in exploration, drilling, and production equipment, with long lead-times 

between first exploration and plant commissioning, first production/generation and – finally - income.  

 

To manage the associated technical and economic risks, geothermal and other underground mining 

projects are generally developed in distinct stages, linked to specific go/no-go decisions. These stages 

can be split up in many ways, depending on project requirements and developer needs. Good, detailed 

descriptions can be found among others in WB-ESMAP (2012) and SKM (2009). For the New Zealand 

context and the purposes of this thesis, the stages can be summarised in five steps: 

a) Geoscientific exploration and pre-feasibility studies (pre-drilling) 

b) Exploration drilling, feasibility studies, and consenting 

c) Production/delineation drilling, steamfield, and plant construction and commissioning  

d) Long-term plant operation and maintenance (production and income) 

e)  Possible expansion and/or re-consenting 

 

Figure 7 from WB-ESMAP (2012) provides a good illustration of the different project stages and 

associated costs and risks. As mentioned, petroleum and underground mining projects show very 

similar resource characteristics and risk profiles, and hence, such projects are often developed among 

similar project stages. 
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Figure 7 

Geothermal Project Stages and Risk vs Cost (WB-ESMAP, 2012) 

 

 

 

At each stage, a go/no-go decision has to be made, based on the evaluation of available data, estimated 

resource availability and risk/reward estimates. With different data availability and certainty at these 

different stages, different resource assessment methods are generally used at different stages. Sources 

such as the geothermal reporting code (AGEA, 2010a), more generally known as the ‘Australian Code’, 

and accompanying Geothermal Lexicon  (AGEA, 2010b) describe these processes and the 

accompanying resource assessment tools in detail. See Table 2 below for an overview linking 

geothermal exploration stages to assessment tools that can be used and types of resource/reserve 

classification. Preferred methods (according to the Australian Code and Geothermal Lexicon. AGEA, 

2010b) are marked in bold. Section 3.1.3 describes the most important geothermal resource 

assessment methods in more detail.  

 

Results of such resource assessments at different project development stages will represent different 

levels of certainty and cannot, in general, be compared equally, nor easily aggregated for the purposed 

of managing a (national or company) resource portfolio. Some clarity on categorisation would be 

needed to compare and aggregate resource assessment results from different projects. Section 3.2 

describes the aggregation of resource assessments and portfolio management methods in geothermal, 

petroleum and other underground resource areas. 

 



58 
 

Table 2 

Methods of Resource Estimation and their Applicability at different Geothermal Development Stages (AGEA, 2010b)  

 
Early exploration 

(pre-drilling) 
Exploration Delineation During production Expansion phase Resources Reserves 

Surface heat flow Yes, but low 

confidence 

Yes, but low 

confidence 

Largely redundant Redundant Redundant Yes, Inferred, to a 

minimum 

No 

Sum of existing 

well outputs 
N/A No, does not directly 

indicate resource 

capacity 

No, does not 

directly indicate 

resource capacity 

No, does not directly 

indicate resource capacity 

No, does not directly 

indicate resource capacity 

No, except for very short 

term 

No 

Analogy based on 
area 

Yes, but low 

confidence 

Yes, but low 

confidence 

Largely redundant Redundant Redundant Yes, Inferred, but low 

confidence 

No 

 
Stored heat 

Yes, but low 

confidence 

Yes, preferred 

method 

Yes Largely redundant Largely redundant Yes, Inferred, Probable 

or Proven if backed up 

by well deliverability 

Yes, Probable or Proven 

if backed up by well 

deliverability 

Lumped 
parameter 
models 

Yes, but not 

advisable 

Yes, but not advisable Yes Yes, in some cases Yes, in some cases Yes, Inferred, Probable 

or Proven if backed up 

by well deliverability 

Generally no 

Decline 
curve 
analysis 

No No No Yes Yes Yes, Inferred, Probable or 

Proven, but not favoured 

Generally no 

Numerical 
simulation 
models 

Yes, but not 

advisable 

Yes, but not advisable Yes, but low 

confidence 

Yes, preferred method Yes, preferred method Yes Inferred, Probable 

or Proven 

Yes, Probable or Proven 

if backed up by well 

deliverability 
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3.1.3 Description of resource assessment methods 

Sanyal and Sarmiento (2005) present a useful and elaborate overview of resource assessment 

methods, splitting them into: 

A. Methods that do not depend on production history; and 

B. Methods that require actual production history – hence, methods for systems in production 

and/or under consideration for expansion. 

 

Generically, it can be said that at early stages of exploration, when no drilling has been done (and no 

production history), methods based on ‘analogy’ and ‘volumetric resource estimation’ tend to be 

preferred (Maunder, 2014). Because parameters tend to be uncertain at this stage, resource 

estimations are preferably based on probabilistic volumetric stored heat estimations to explicitly indicate 

some of the uncertainty range in estimations at these early stages. AGEA (2010b, p26) states that 

volumetric resource estimation (done deterministically) should not be regarded as any better than +/- 

50% (in terms of generation capacity). Power density calculations would conceptually have at least that 

error range, as they tend to consider fewer relevant parameters.  

 

Once multiple wells have been drilled and tested, resource estimates are best reported and regularly 

updated on the basis of reservoir modelling, notably lumped parameter and ‘full’ numerical reservoir 

simulation models. Generally, these days, the latter two are seen as superior if and when sufficient input 

data has become available to realistically constrain the possible outcomes. “At the exploration stage, 

when limited data are available, numerical simulation is unlikely to give a more realistic estimate of long-

term capacity than simpler volumetric methods.” (AGEA, 2010b, p.29). Numerical simulation can still 

be of value at such stages to explore specific questions (e.g., on surface effects; see also AGEA, 

2010b). 

 

Once production has started and has been sustained over a period, realistic production scenarios (MWe 

over x years) can be accepted as ‘discovered and viable/commercial projects’ (in UNFC terminology, 

or ‘reserves’ in PRMS-terms; see Table 3 in Section 3.2.3). Debate is ongoing concerning whether 

numerical reservoir models are appropriate for reporting other (probabilistic) categories of Reserves 

and Resources outside the direct production well zones, longer timeframes, and ‘enhanced scenarios’. 

Sanyal and Sarmiento (2005) state that only volumetric estimation and numerical simulation are 

generally suitable for booking ‘geothermal reserves’. The preferred option would be to develop both 

Probabilistic Stored Heat Estimates AND Numerical Reservoir Models and use and compare both the 

assumptions/parameters and the outcomes to acquire a fuller picture. Lumped parameter models can 

complement these estimates (see discussion below). 
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A. Methods that do not depend on production history 

A1. Empirical Methods based on Analogy  

A1.1: Power density method 

The power density method is a ‘rough estimation’ method that can be used during the early stages of 

geothermal development, generally when the first geological and geochemical surveys have been done, 

so that the resources’ temperatures can be estimated, e.g., using geochemical geothermometers. The 

basis for estimation is an assumed empirical statistical correlation between estimated resource 

temperatures and MWe production for similar systems with known production history. However, this 

method does not take into account many important variables such as reservoir thickness, porosity, 

permeability, and recharge characteristics. Reservoir areas used for the estimate at this stage of the 

exploration process will also be highly approximated, which – all-in-all – “makes such estimation of 

reserves questionable” (Sanyal & Sarmiento, 2005, p. 468). 

 

A1.2: Case histories of sustainable production history of producing systems 

Sanyal and Sarmiento (2005) published an estimated relation based on 38 systems worldwide of 

renewable capacity (equated to the “total rate of heat loss from the thermal anomaly associated with 

the field” (p. 469) and the ‘sustainable capacity’ (in MWe) in bands of 5, 10, and 45 times the renewable 

capacity, with the empirical data showing the sustainable capacity “is likely to be about ten times the 

renewable capacity” (p. 469). This method can only be used to estimate a ‘plausible range’ at this stage 

of the exploration process. 

 

A2. Volumetric Stored Heat Estimation and Probabilistic Simulation 

Stored heat estimation is one of the most widely and consistently usable methods during all stages of 

the geothermal exploration and production process. It was introduced in a seminal study by the US 

Geological Survey (USGS; Muffler, 1979) but adjusted and varied many times since. The basic method 

involves: 

• Calculating the (usable) heat in place (generally in PJ) using estimated reservoir volume, rock 

and fluid characteristics, and average temperature against a reference temperature.26 Most of 

the heat is likely to be in the rock, not in the fluid, so this will be the dominant factor. 

• Recoverable heat (PJ) is then estimated by introducing a Recovery Factor, which can be seen 

as the fraction of the (usable) heat in place that could be produced feasibly by actual production 

wells over a reasonable timeframe (generally implied to be the project timeframe). 

• Finally, a feasible, sustainable plant capacity (MWe) for a given/estimated plant life, conversion 

efficiency, and power plant availability.  

 
26 This can either be ambient temperature, but more often an estimated reject temperature below which heat is deemed not usable 
for power generation. Traditionally, the esp for power generation 180 C is chosen as above this temperature, most wells will self-

discharge with sufficient flow to produce the needed quantities of primary energy for the steam turbines. Below this temperature, 
down-hole pumps are often necessary, efficiencies drop and scaling problems often increase significantly. This can (technically) 
be resolved, but in most countries such technologies are still far from economically feasible, and very few projects/MWe have 

been implemented as such or are expected to in foreseeable future. In a proposal for WRC, the suggestion was to use 180 C as 
a default reference (for comparability with other estimates in literature) but to do additional calculations with 150 C as a lower 
reference temp, to be calculated as a 'separate project or product' (electricity, or useable primary heat for direct heat use), 

according to UNFC Framework guidelines. 
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As the volumetric method is often used at early pre-production stages of geothermal systems, many 

factors in the estimation are still quite uncertain; the main ones being: 

a) Reservoir temperature & reference/reject temperature 

b) Reservoir area/size & reservoir thickness 

c) Recovery factor: estimates vary from 0.05-0.20 (Williams et al., 2007), to 0.25 (Muffler, 1979; 

Ogena & Freeston, 1988; Watson & Maunder, 1982); to 0.5 (Nathenson, 1975).27 

d) Rock porosity and permeability (affecting Recovery Factor).28 

e) Initial water saturation fraction. 

 

Sanyal and Sarmiento (2005) suggest varying the above factors as input parameters for a Monte Carlo 

probabilistic simulation29 to come to a probability distribution of estimated resources. Volumetric  stored 

heat estimation can be done at many (if not all) stages of geothermal exploration and production (see 

Table 2) but with different levels of accuracy. Until all basic geological, geochemical, and geophysical 

surveys have been done, the above factors are generally not sufficiently known “to allow any reasonable 

estimates of Geothermal Resources” (AGEA, 2010, p. 8). Preferably temperatures and rock properties 

are supported by well temperature measurements, drilling core studies, well flow testing, and 

delineation.  

 

Other factors that can be varied in estimations are: plant efficiency, rejection temperature, plant life, 

capacity factor, etc., but generally with more limited sensitivity towards the resource estimate. Zarrouk 

and Simiyu (2013) describe different aspects in more detail and specifically discuss the consideration 

of natural (heat) recharge rate and the effect on plant and field size and life. They illustrate this with an 

example from the Waimangu geothermal system, using a fixed natural recharge factor. Considering 

changes (increases) in natural recharge due to production (e.g., Zarrouk & Simiyu, 2013) would alter 

this impact again, especially if longer (more sustainable) timeframes are considered.  

 

In general, the choice of the main parameters and their input ranges (especially average temperature, 

reservoir volume, rock type, reject temperature, and recovery factor) are not independent and should 

be chosen carefully in conjunction. The volumetric stored heat estimate can be done for one large 

block/reservoir or, when desired, can be divided into sub-blocks with different characteristics to simulate 

a more heterogeneous reservoir. 

 
27 In early models with uniformly porous, homogenous reservoirs, estimated recovery factors could reach values of 0.5 or higher 

(e.g., Nathenson, 1975). Muffler (1979) used a Monte Carlo model with a range from 0 to 0.5 and a most likely value of 0.25. 
More recent analyses of geothermal projects and fractured reservoirs (e.g. (Sanyal et al., 2004), (Williams et al., 2007)) 
estimate a range from 0.05 to 0.2. The value of the recovery factor is also dependent on the choice of reference temperature 

(generally, the lower the reference temperature, the lower the recovery factor needs to be chosen to avoid unrealistically high 
outcomes. 
28 In general, the recovery factor is influenced by average/effective permeability and porosity (Williams, 2014). However, at 

early stage of exploration, permeability and many other reservoir properties are likely to be not well known yet, until several 
years of production (Garg & Combs, 2015). Several authors (e.g., Bjornsson & Bodvarsson, 1990; AGEA, 2010b) have 
established a (weak) positive correlation between rock porosity and permeability. In the absence of reliable permeability data, 

rock porosity can be used as an approximation. SKM-WRC (2002) use an empirical relationship between porosity and recovery 
factor for New Zealand geothermal systems.  
29 A probabilistic approach (including both physical system and/or economic project factors) is also included in Castlerock-WB-

MEMR (2010) and SKM-WRC (2002). 
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B. Methods based on actual production history 

B1. Decline-curve analysis 

Sanyal and Sarmiento (2005) describe decline-curve analysis as a method where the production rate 

of wells is statistically correlated over time. From this, one can project overall production trends and the 

need for make-up wells e.g., against cost considerations, and subsequently future production and 

reserves. However, such projections assume system management and production/injection strategy to 

remain unchanged over the projected time period, which is generally unrealistic. “As such, reserve 

estimation from decline curve analysis would be questionable.“ (Sanyal & Sarmiento, 2005, p.470). In 

most cases these days, decline-curve analysis has been replaced by numerical reservoir simulation 

(described under B3), as, at the stage of production, decline-curve analysis might be useful but sufficient 

data should be available to create a well-constrained numerical reservoir model. 

 

B2. Lumped parameter modelling 

As with a ‘full’ numerical reservoir model, a lumped parameter model does both mass and energy 

balances but describes a system as a reservoir without considering the spatial heterogeneity in rock 

and fluid properties; neither does it incorporate fluid flow or heat transfer in response to spatial pressure 

and temperature variations/gradients. Sanyal and Sarmiento (2005) therefore judge lumped-parameter 

modelling “a poor substitute for numerical simulation” (p.471).  

 

Other authors, such as Axelsson et al. (2005), make the case for more elaborate lumped parameters 

models, using four or more ‘sub-reservoirs/tanks’, including spatial heterogeneity, heat and fluid flow 

between sub-reservoirs, pressure changes and recharge (open vs closed systems). They review three 

examples and make the case that for systems with long, adequate data history (two out of three cases), 

simulation and predictions of specific variations (e.g., overall water levels) can be quite accurate. 

However, with less data available (in one case, only five months), lumped parameter models are shown 

to be much less accurate. They therefore conclude that “Lumped models can simulate such data very 

accurately if the data-quality is sufficient.” (p.1). This is also the case for numerical reservoir models, 

and after several years of data collection, numerical reservoir models will generally have been 

developed for detailed reservoir management. However, simulating more detailed internal changes in 

reservoir conditions and properties is beyond the capacity of lumped parameter models. The authors 

state that the simplicity, lower time intensity and cost-effectiveness of lumped parameter models can 

usefully complement more elaborate numerical reservoir models. In New Zealand, lumped parameter 

models have largely been displaced by numerical reservoir models since the mid-2000s. Before that 

time and the significant advancement of computers and numerical modelling software, numerical 

models were not as reliable: e.g., in the decision-making on Ohaaki, Wairakei and other geothermal 

developments in New Zealand (personal communication Mike O’Sullivan, 2019). 
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B3. Numerical reservoir simulation (flow models)  

Numerical reservoir models are based on the detailed mathematical description of the estimated 

reservoir (i.e., the natural geothermal anomaly to be exploited) and describe interactions in accordance 

with physical30 laws and in a way that is logically and internally consistent over space and time. Over 

time, with the advance of computer calculation power, software, and experience, models have become 

more detailed but always still represent an approximated and simplified version of the real geothermal 

underground processes.  

 

Process steps include: 

a) The reservoir is divided into many blocks in horizontal and vertical directions; depending on the 

code used these blocks can be of consistent shape (e.g., Tetrad) or irregular, shaped with 

consistent volume (e.g., Tough2). 

b) Each block has to be defined in terms of rock properties (specific heat, porosity, permeability, 

etc.), fluid present, temperature, and pressure. 

c) Boundary conditions are created at the edge of the reservoir (surrounding rock and ambient 

features) to simulate surface discharge, side-flow, and natural recharge of the reservoir. 

d) Generally, the rock matrix is deemed constant over time, but variations/interactions with linked-

rock deformation and chemical reaction modules have been used. 

e) The number of blocks is largely limited by computing power and have consistently grown over 

time with the advent of faster computers and parallel processing techniques. 

f) Over time, more complex concepts have also been introduced, such as multi-phase fluids with 

non-condensable gases, tracer returns, chemical balances, dual-porosity, and non-

deterministic (probabilistic) approaches (e.g., Leeuwen, 2011; Quinao & Zarrouk, 2014); 

although more common in the petroleum sector.  

 

The model is used in the following way: 

1) A base model is created (see above), based on the conceptual geological model created during 

exploration and first estimates based on (first, limited) data (well temperatures and static/dynamic 

pressures; properly calibrated and interpreted). This model should be as simple as possible but 

contain the most important geological and geophysical structures (fractures, caps, water sources, 

rock properties, etc.). 

2) The model is run dynamically back and forth over time to create a consistent ‘natural state’ of the 

model (pre-interference). 

3) Once a ‘satisfactory’ natural state has been created, wells can be included, and the model used to 

simulate changes under historical exploitation. Simulated changes will be compared to actual 

and/or interpreted measurements and parameters adjusted in multiple, consecutive iterations.  

 
30 Chemical relations are not generally included in reservoir models, but examples have existed for some time, e.g., toughreact 

is a modelling code that can model chemical reactions as well (LNBL, 2011). 
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4) Once a good history match is reached, future production scenarios can be modelled. The traditional 

rule of thumb is that model predictions are valid roughly for the length of history matched (Grant & 

Bixley, 2011). 

5) Numerical reservoir models need to be well calibrated (constrained) by sufficient, reliably 

interpreted data. Although more and more is being automated, still much ‘expert’ interference and 

interpretation is needed for most calibrations.  

 

Sanyal and Sarmiento (2005) conclude that A2 Volumetric reserve estimation and B3 Numerical 

simulation (flow models) are the only “consistently applicable methods of reserve estimation” (p. 471). 

Zarrouk (2013), AGEA (2010b) and others conclude along similar lines. Both make the proviso that B3 

Numerical simulation (flow models) can only be conducted when sufficient exploration and production 

data is available to build a sound ‘conceptual model’ and calibrate the model against sufficient 

production data. Sanyal and Sarmiento (2005) add that normally numerical simulation is geared to 

(detailed) forecasting of reservoir behaviour, system and portfolio management, and proven reserve 

estimation, but that this full probabilistic modelling is, at present, not realistic for numerical, geothermal 

models, due to the time/calculation intensity of numerical reservoir models. Such Monte 

Carlo/probabilistic sampling methods are more important for (commercial) resource/reserve reporting 

and risk estimation. Probabilistic numerical models have been used frequently in the petroleum industry 

but rarely in the geothermal sector. 

 

The use of numerical modelling at a relatively early phase of geothermal system development is now 

commonplace; it is frequently applied when as few as three to five producing wells have been drilled. 

At this stage, sufficient resource areas will have been delineated to consider possible development, and 

a minimum resource area will have been implied by geo-scientific data and subsequent initial modelling 

efforts. Numerical models based upon relatively little data are, however, not well constrained and 

generally the development of a reliable numerical model takes several years. It is a matter of debate as 

to whether resulting predictions of long-term capacity made at this early stage are significantly more 

reliable than estimates based upon simpler volumetric methods. The Geothermal Lexicon (AGEA 

2010b) states that numerical modelling at the exploration stage “is unlikely to give a more realistic 

estimate of long-term capacity than simpler volumetric methods” (p. 29), but regards early use of 

numerical modelling as a tool to explore other development constraints, as well as recharge31. These 

constraints include the potential for cold groundwater to penetrate into the reservoir, extrapolated 

temperature and pressure responses of the reservoir over time to various production/injection strategies 

and the potential effects of extraction on surface features. 

 

Generically concluding, it can be said that at the early stages of exploration when no drilling has been 

done, and parameters are still highly uncertain, resource estimations are preferably based on volumetric 

stored heat estimations. To manage some of the basic uncertainties at this stage of the process, often 

 
31  Note, however, that it is in principle also possible to include recharge, permeability and other additional factors into (early) 
volumetric calculations, but the question remains whether such detail is relevant, when (other) data uncertainty is so large at 

early stages of development (e.g. WRC/SKM (2002) and (Zarrouk & Simiyu, November, 2013). 
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probabilistic analysis is done using ‘likely’ ranges of the most important variables, especially recovery 

factor, temperature, and reservoir area and thickness. 

 

Once multiple wells have been drilled and tested, and especially after production has started, resource 

estimates are best reported based on regularly updated numerical reservoir simulation models. Debate 

is ongoing concerning whether numerical reservoir models are appropriate for reporting other 

probabilistic categories of reserves and resources. At present, the preferred option in geothermal 

resource estimation would be to develop both probabilistic stored heat estimates AND numerical 

reservoir models, and then use and compare both outcomes.  

 

Quinao and Zarrouk (2014) describe the theoretical application a new ‘hybrid’ Experimental Design 

(ED) and Response Surface Method (RSM), which is used more widely in petroleum reservoir 

simulation but has found little application in geothermal as yet. This hybrid method essentially measures 

both probabilistic stored heat estimation and adds assessments based on reservoir simulations over a 

limited number and range of variables. Quinao and Zarrouk (2014) discuss 12 simulations representing 

the min/max of the most important variables for a theoretical greenfield development. The method would 

appear to combine the advantages of detailed reservoir simulation with a limited number of necessary 

runs (computer/time resource) to cover some of the uncertainty inherent in early-stage greenfield 

resource estimation. If a representative set of scenarios and input parameters is chosen, covering the 

relevant range of risk and uncertainty, the resulting resource estimates should represent the real-life 

range of uncertainties. The challenge is to select the right scenarios and demonstrate how these cover 

the relevant range of uncertainties; ED provides a statistically sound tool to do so. Combining this with 

full probabilistic stored heat estimation might deliver promising results. However, the method still has 

to be proven for any existing systems, e.g., on how the two methods will be ‘married’ if the results do 

not match. 

 

Where Quinao and Zarrouk (2014) state rightfully that there is limited published information on 

probabilistic assessments of geothermal prospects, this is even less the case for publications on ‘follow-

up’ of original assessments and comparison with (more accurate) assessments after years of production 

data. This chapter on the Ohaaki geothermal system intends to do exactly that. 

 

Table 6 in Section 3.5 shows an overview of resource assessments for New Zealand geothermal 

systems, using data as ‘reported’ to the regulator. This provides some insight on a portfolio-wide scale. 

However, this overview has limitations as it lacks the detail of data, models and assumptions behind 

those reported estimates, which limits the comparability of data and use in portfolio resource 

management. This will be discussed further in Section 3.2.  A detailed analysis of resource assessments 

for one specific geothermal system over time (Ohaaki) as in Chapter 4, including data, models and 

assumptions, is also expected to provide useful lessons as to the best use of different types of resource 

assessment methods, comparative reporting and decisions made on the basis of these. 
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3.2 Aggregation and portfolio management for mining, petroleum and geothermal resources 

The second part of the research question focuses on what (technical) improvements can be made to 

geothermal resource assessment, management and monitoring in New Zealand. The following section 

describes the importance, not just of individual resource assessments and methods (see Section 3.1), 

but also the use and common understanding of consistent, transparent and reliable resource 

management and reporting systems. Such a clear, common basis for resource assessment is important 

for multiple purposes: both for providing confidence to investors, as well as for the sustainable 

management of resource portfolios (see Section 3.2.4). 

 

The petroleum and mining sectors have a much longer history and experience of common resource 

management systems than the geothermal sector. In this section, the most prominent systems for 

petroleum (SPE-PRMS, Section 3.2.1) and mining (JORC, Section 3.2.2) will be briefly discussed. In 

Section 3.2.3, brief descriptions will be given of two new attempts at globally recognised geothermal 

resource management systems: AGEA, 2010 (based on JORC, since 2016 abandoned), and the new 

UNFC Classification System with Geothermal Specifications (2016). This provides some opportunities 

and challenges. 

 

3.2.1 Petroleum – SPE-PRMS 

To facilitate transparent resource assessment and reporting, the American Society of Petroleum 

Engineers (SPE) published a first one-pager Petroleum Resource Management System (PRMS or 

SPE-PRMS) in 1965, after a plea from banks in the USA for a consistent set of definitions. This was 

further elaborated on over time. The primary aim of SPE-PRMS is to report with more clarity the volumes 

of petroleum that can be commercially recovered from a reservoir in the future and the related 

uncertainties. SPE also recognised that common standards could help provide consistency, 

transparency, and reliability and therefore confidence and comparability in the published resource 

statistics (DiLuzio, 2015; SPE-PRMS, 2011). 

 

The SPE-PRMS incorporates a central framework that categorises reserves and resources according 

to two dimensions (see Figure 8 below):  

1) The level of technical and geological certainty associated with the recoverable volumes (horizontal 

axis). This is often reported in three levels of certainty (low – medium – high; Possible – Probable - 

Proved) or probability (P10 – P50 – P90%); 

2) The potential for a project reaching commercial production status (vertical axis). The important 

distinctions here are:  

o Before expensive drilling has taken place (prospective resources; stage 1 as described in 

Section 3.1.2). 

o After drilling has taken place but before final consenting and financial commitment (pre-

commercial, non-producing, contingent resources; stage 2). 



67 
 

o After production has started, or at least full financial commitment to developing and start of 

construction of the project (commercial, reserves; stages 3 and 4). 

 

Each dimension generally has three reporting categories so that estimated quantities of recoverable 

petroleum resources can be reported for each project at nine different project stages and certainty 

levels. SPE-PRMS (2011) also describes preferred resource assessment methods at each project 

stage or category (see also Section 3.1.3 for a detailed description of similar resource assessment 

methods for geothermal projects). 

 

Figure 8 

PRMS Dimensions and Categories for Petroleum Resources (SPE-PRMS, 2011) 

 

 

The PRMS framework is, in principle, project-based, but guidelines have been developed to facilitate 

aggregation into company and national portfolios, and the method has been adapted and used by many 

regulators (including New Zealand – see case study in Section 3.3) to manage national petroleum 

resource portfolios. 

 

Over the years, many updates have followed with widespread, global recognition in the petroleum and 

energy sectors. Its latest version (2011 update) SPE-PRMS is a 220+ page set of documents supported 

by SPE, WPC, AAPG, SPEE, and SEG,32 describing among other aspects basic resource and reserve 

definitions, a glossary, implementation and aggregation guidelines, as well as verification and auditing 

standards and examples of resource reporting cases over the lifetime of various projects (conventional 

and unconventional).  

 
32 World Petroleum Council (WPC), American Association of Petroleum Geologists (AAPG), Society of Petroleum Evaluation 

Engineers (SPEE), Society of Exploration Geophysicists (SEG) 



68 
 

3.2.2 Mining – CRIRSCO/JORC 

Similar to the petroleum sector, there was a perceived need in the mining sector to assure resource 

estimates were more consistent, transparent and reliable, particularly to protect investors. However, it 

took longer to come to a common, global standard. One of the first ones to be developed and receive 

some global traction was the Australian Code by the Joint Ore Reserves Committee (JORC). The 

origins of JORC reporting were the result of a mining bubble in Australia in the late 1960s when metal 

demand surged due to the Vietnam War (Antolik, 2020). Some companies started reporting nickel and 

other mining discoveries without any production or other proof. The bubble burst in early 1970. Concern 

about reporting practises led the Australian Mining Industry Council (AMIC) to introduce regulations. 

The Joint Ore Reserves Committee was established in 1971 and published several recommendation 

reports. The first edition of the JORC Code was released in 1989. Revised and updated editions of the 

Code were issued in 1992, 1996, 1999, 2004 and 2012 (in force per 1 December 2013).  

 

The global mining community was slower in developing common standards. The international 

Committee for Mineral Reserves International Reporting Standards (CRIRSCO) was established in 

1994, originally as an informal alliance of National Reporting Organisations in participating countries 

(e.g., AMIC/JORC in Australia33). However, with the rapid globalisation of the international mining 

industry, it started to develop a common template for Mineral Resource and Reserve reporting, drawing 

on the best practice reporting standards in different mining regions, especially the JORC Code for 

Australasia. The first version of CRIRSCO was published on its website in 2006. The latest version was 

published in 2019.  

 

Overall, the aim of the CRIRSCO (2019) Template and JORC (2012) Code is similar to the SPE-PRMS: 

“to contribute to earning and maintaining [that] trust by promoting high standards of reporting of mineral 

deposit estimates (Mineral Resources and Mineral Reserves) and of exploration progress (Exploration 

Results).” The ‘Template’ is to provide a minimum standard for adoption in national/regional reporting 

codes and standards for the public reporting of Exploration Targets, Exploration Results, Mineral 

Resources or Mineral Reserves. But the Template itself only has advisory status, and where a national 

or regional code or standard exists, such a code or standard takes precedence. In the following 

discussion, the JORC (2012) code will be taken as the basis.  JORC (2012) sets out minimum 

standards, as well as recommendations and guidelines for public reporting in Australasia of Exploration 

Results, Mineral Resources and Ore Reserves. The Code has been adopted as binding by the 

Australasian Institute of Mining and Metallurgy (AusIMM) and the Australian Institute of Geoscientists 

(AIG). The Code is also endorsed by the Minerals Council of Australia and the Financial Services 

Institute of Australasia as a contribution to good practice. Additionally, the JORC Code has been 

included in the listing rules of the Australian Securities Exchange (ASX) and the New Zealand Stock 

Exchange (NZX). The JORC code is also the basis for the Australian Geothermal Code (AGEA, 2010; 

see Section 3.2.3). 

 
33 Current members represent Australia, Brazil, Canada, Chile, Colombia, Europe, India, Indonesia, Kazakhstan, Mongolia, 

Russia, South Africa, Turkey, USA, 
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JORC (2012) gives detailed descriptions of the terminology used, reporting standards and minimum 

information requirements, technical studies to be done, standards for Competent Persons to be used 

for reporting and sign-off, as well as guidelines for application and compliance in coal, metals, diamond 

and gemstones. The JORC (2012) code is based on the principles of Transparency, Materiality and 

Competence.  

• Transparency “requires that the reader of a Public Report is provided with sufficient 

information, the presentation of which is clear and unambiguous, to understand the report and 

not be misled by this information or by the omission of material information that is known to the 

Competent Person. 

• Materiality “requires that a Public Report contains all the relevant information that investors 

and their professional advisers would reasonably require, and reasonably expect to find in the 

report, for the purpose of making a reasoned and balanced judgement regarding the 

Exploration Results, Mineral Resources or Ore Reserves being reported. Where relevant 

information is not supplied, an explanation must be provided to justify its exclusion.” 

• Competence “requires that the Public Report be based on work that is the responsibility of 

suitably qualified and experienced persons who are subject to an enforceable professional code 

of ethics (the Competent Person).” (p 4) 

 

Figure 9 

Relationship between Exploration Results, Mineral Resources and Ore Reserves (JORC, 2012) 

 

 

The main reporting categories and relationships are set out in Figure 9. JORC (2012) prescribes that 

all public reports dealing with Exploration Results, Mineral Resources or Ore Reserves must only use 

the terms set out in Figure 9. Mineral Resources can largely be estimated on the basis of geoscientific 

information with some input from other disciplines. However, Ore Reserves require consideration of the 
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Modifying Factors affecting extraction. These include, but are not restricted to other, non-geoscientific 

factors, such as processing, infrastructure, economic, legal, environmental, social and governmental 

factors. 

 

If quantified estimates of Exploration Results, Mineral Resources and/or Ore Reserves are included in 

a public report, such must be prepared under the direction of, and signed by, a Competent Person and 

represent ‘a fair representation of the matters being reported’. As the JORC code has been accepted 

as ‘binding’ to members of such organizations as the Australian Institute of Geoscientists (AIG), these 

have disciplinary processes to discipline member ‘competent persons’ for any deviations from the JORC 

guidelines. 

 

3.2.3 Geothermal lack of globally recognized resource management system 

As argued in previous sections, common standards and globally accepted reporting frameworks are 

important to provide consistency, transparency, reliability, and therefore confidence and comparability 

in published resource assessments, as well as the investment and management practises that are 

based on these. The petroleum sector has developed the SPE-PRMS since the 1960s, and the mining 

sectors have used similar frameworks, e.g., the JORC (2012) Code. Until recently, the geothermal 

sector has not had such a common, globally accepted resource framework or resource management 

system (IGA, 2015). In this section, two recent attempts at creating a globally accepted geothermal 

resource management framework are discussed: The Australian Geothermal Code (started in 2008; 

abandoned in 2015) and the more recent UNFC Resource Classification Framework (UNECE, 2013) 

and, in particular, the 2016 Geothermal Specifications (UNECE-IGA, 2016). 

 

Australian Geothermal Code (AGEA, based on JORC) 

Until recently, the geothermal sector was lacking a globally recognised resource reporting framework, 

and definitions and terminology would vary per country, regulator, and project stage (IGA, 2015). 

Between 2008 and 2010, a combined Australian/Canadian Geothermal Code (AGEA, 2010) was 

developed, based on the JORC code (2004-edition, see above). It was mainly known as the ‘Australian 

Code’, but the Canadian geothermal sector accepted essentially the same code in parallel, and both 

geothermal investment sectors and stock exchanges mutually recognised each other’s standards. It 

received some global use and recognition. 

 

It consists of two parts:  

1) The mandatory ‘Australian Code for Reporting of Exploration Results, Geothermal Resources 

and Geothermal Reserves‘ (AGEA, 2010); and 

2) the ‘Geothermal Lexicon’ (AGEA, 2010b).  

 

AGEA (2010) has a very similar structure (see also figure 10) and constituting elements to JORC (2012), 

covering a minimum mandatory set of requirements for the public reporting of Exploration Results, 
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Geothermal Resources and Geothermal Reserves for publicly listed companies in Australia. It also has 

the same requirements for the use of a ‘competent person’ with relevant experience to assess and sign-

off any quantitative estimates.  

 

The accompanying Geothermal Lexicon (AGEA, 2010b) is a more descriptive, non-mandatory 

document, providing guidance34 on preferred geothermal resource estimation techniques for reporting 

at different project stages. “However, any significant deviations from the Lexicon must be disclosed and 

explained when reporting under the Geothermal Reporting Code” (AGEA, 2010, p. 1). 

 

Figure 10 

Relationship between Exploration Results, Geothermal Resources and Reserves (AGEA, 2010) 

 

The Australian Geothermal Code and Lexicon started getting some traction around the globe, including 

use by various geothermal developers, specialised geothermal engineering firms and a national project 

in Nicaragua (Jacobs-WB, 2015). In the New Zealand context, WRC started investigating in 2014 

whether the use of a modified version of the Australian Code for reporting of New Zealand geothermal 

resources would be useful (Maunder, 2014). A consultation process with the geothermal sector was 

started. However, in the meantime, the International Geothermal Association (IGA) and UNECE 

finalised Geothermal Specifications (UNECE-IGA, 2016) to go with the general UNFC Resource 

Classification Framework (UNECE-2013). With the acceptance and publication of the UNECE-IGA 

Geothermal Specifications, the Australian Code has effectively been dropped and is no longer being 

maintained (Falcone & Beardsmore, 2015).  

 

 
34 Similar to that provided by SPE-PRMS (2011). 
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United Nations Framework Classification for natural resources (UNFC) 

In 2014, UNECE and the International Geothermal Association (IGA) set up a new task force on the 

application of the existing UNFC ‘Classification for Fossil Energy and Mineral Reserves and Resources’ 

(UNECE, 2013) to geothermal energy. The UNFC was intended to be a harmonised global framework 

to report both finite (mining, petroleum) and renewable resources. The Geothermal Task Force included 

Malcolm Grant and Greg Ussher on behalf of the New Zealand Geothermal Association, as well as 

many other international experts. It proposed a set of Geothermal Specifications, which were put up for 

global consultation in early 2016. The final version was presented to the UNECE-committee meeting in 

2016, where they were accepted and came into force in 2017. Subsequently, a series of ‘Selected Case 

Studies’ was published to provide the first examples of application (UNECE, 2017).  The guidelines are 

voluntary but can be adopted and implemented by different jurisdictions (both regulators and stock 

markets), as is the case with the CRIRSCO/JORC and SPE-PRMS codes. There is no requirement for 

a competent person to direct the resource estimates, nor are any quantification or aggregation 

guidelines included. 

 

The UNFC framework is slightly more elaborate than SPE-PRMS (2011) or AGEA (2010), with three 

instead of two dimensions and a potential of 48 main reporting categories (instead of nine under SPE-

PRMS, 2011), as illustrated in Figure 11. In 2020, UNECE published an update of the UNFC framework, 

which didn’t change any of the classifications but normalised some of the text and category names to 

better align with the different resource sectors where it is applied. 

 

Figure 11 

Illustration of the 3-dimensional UNFC System (UNECE, 2020)  
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The dimensions are: 

• G-axis: Degree of Confidence (was Geological knowledge and certainty: G1-4)  

• E-axis: Environmental-Socio-Economic viability (was socio-Economic viability: E1-E3)  

• F-axis: Technical Feasibility (was project Feasibility: F1-F4) 

 

The UNFC framework and its 48 reporting categories do map well to the simpler and well-known SPE-

PRMS code (see Table 3 below). 

 

Table 3 

Correspondence between SPE-PRMS (2011) and UNFC (UNECE-IGA, 2016; UNECE, 2020) 

 

The UNFC Classification Framework and Geothermal Specifications are still at the early stages of 

implementation and elaboration. The first series of (individual) case studies has been produced 

(UNECE, 2017), but elements like a quantification guide (similar to AGEA Geothermal Lexicon, 2010b), 

implementation and aggregation guidelines (for portfolios and regulators, e.g., the Jacobs-WB (2015) 

Nicaragua portfolio analysis with AGEA-2010). Additionally, ‘competent person’ verification and auditing 

standards are (still) missing.  

 

Note also that the developed UNFC geothermal case studies are individual ‘single-point-in-time’ 

assessments, while SPE-PRMS (2011) has published numerous case studies illustrating the 

development of resource assessments over time for various petroleum systems at different stages of 

development. Actual detailed portfolio analysis or illustrations of resource assessment over time have 

not been done for any geothermal system or portfolio (yet). This is one of the drivers behind the detailed 

case study on Ohaaki in Chapter 4. 

 

3.2.4 Resource management systems and sustainability  

The assessment tools and resource management frameworks described above are mainly intended to 

be ‘technical tools’ to facilitate consistency, transparency and reliability in the calculation and reporting 

of resource estimates, be they finite resources (petroleum, metals, minerals, etc) or renewable ones 

(such as geothermal, wind, hydro or solar). In the end, it is through the implementation of these tools 
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and the use of the information gathered in the decision-making process that improvements to 

sustainable management can be implemented.  

 

The origin and purpose of the SPE-PRMS and JORC/CRIRSCO codes are in the assessment and 

reporting of non-renewable resources (petroleum and minerals respectively) with the purpose to create 

a standardised and transparent means of assessing economic returns and risks for investors, markets, 

etc. On the other hand, in terms of the underlying purpose of the UNFC framework, UNECE (2013) 

states that this is to help the sustainable management of all energy (finite and renewable) and mineral 

resources. To this end, the UNFC framework is to become a harmonised classification system to 

classify all energy and mineral resources in a similar, comparable framework. Bridging documents were 

developed for existing codes and systems (e.g. SPE-PRMS for petroleum products and CRIRSCO for 

minerals), but new ‘specifications’ needed to be developed for (renewable) energy resources that did 

not have such detailed sector guidelines (including geothermal, wind, solar, etc).  

 

In terms of defining and mentioning sustainability, unsurprisingly, the existing codes related to finite 

resources such as petroleum and minerals make fewer references to sustainability: JORC (2012) 

actually makes no mention of sustainability at all and SPE-PRMS (2011) only refers to it in three 

occasions, in the context of sustaining operations and sustained rise of petroleum demand (economic 

sustainability dimension). The Australian Geothermal Code (AGEA, 2010) does not mention 

sustainability at all, but the Geothermal Lexicon (AGEA, 2010b) refers to sustainable levels of 

production eight times, without defining precisely what such a sustainable level is, apart from mentioning 

that a sustainable production level would imply a longer project lifetime than usual for economical 

operation (20 to 30 years), e.g. referring to Lawless’ (2002) stored heat resource assessments, which 

used a 50-year production horizon. 

 

The CRIRSCO (2019) template includes a page in section 13 on ‘Sustainability considerations’, in which 

sustainability is defined with three principal dimensions: 

1) The ability of the environment to maintain itself with minimal impacts to the local flora and fauna; 

2) The ability of the surrounding community to continue its traditional economic and cultural 

activities; and  

3) The ability of newly created economic inputs to continue beyond the mine life. 

It also states that ‘Public Reports should discuss environmental, social, and health and safety impacts 

that are expected during development, operation and after closure. These impacts will affect 

employees, contractors, neighbouring communities, and customers.’ (p.40) 

 

The UNFC framework goes further than the other resource management systems discussed above in 

terms of referring to sustainability and connecting this to the implementation into the resource 

management tools. UNECE (2020) mentions ‘sustainable’ 11 times35, e.g. UNECE (2020, p. 1): ‘This 

updated version of UNFC is intended to satisfy the requirements of different resource sectors and 

 
35 Seven times as part of committee names, etc.; four times with specific content. 
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applications, as well as making it fully aligned to the sustainable resource management called for by 

the 2030 Agenda for Sustainable Development.’  Sustainability is, therefore, seen in the wider context 

of multiple economic, social and environmental dimensions of sustainability (see also Section 2.1). 

UNECE (2020, p. 4) mentions: ‘Environmental and social issues, including those specified in the 2030 

Agenda for Sustainable Development and the Sustainable Development Goals (SDGs), that may affect 

the development of a project are included in the classification of a project under UNFC. In classifying a 

project, the E-axis Categories are explicitly defined to include both environmental and social issues that 

may be relevant to the viability of the project, in addition to economic, legal and other non-technical 

factors.’ 

 

The UNFC framework, therefore, provides the structure and information to decide whether a geothermal 

system is used sustainably and renewably. Its structure includes multiple sustainability dimensions, 

which are incorporated through the E-axis of the framework. However, the specific implementation of 

which sustainability criteria to include and what ‘boundaries’ these sustainability criteria put on the 

development of geothermal resources depends on national (and local) context and regulations. In the 

case of New Zealand, it is in the RMA (1991) that sustainability is defined (RMA, s5). This definition is 

then implemented through Regional Policies, including the hierarchical portfolio approach, whereby 

some geothermal systems are allowed to be developed over long timeframes, while others are 

protected (see Sections 2.3 and 2.4). This then creates the structure and boundaries for geothermal 

resource development that have to be incorporated through the E-axis of an adapted UNFC framework. 

UNECE (2020, p4) explicitly mentions the capability of the Framework to be adapted to national and 

local circumstances. Sections 3.4 and 3.5 summarise the specific requirements of the New Zealand 

RMA-context (including regional regulators, the structure of development vs protected systems and the 

need for portfolio management) and propose an adapted geothermal resource management system for 

the New Zealand context.  

 

The proposed and adapted geothermal resource management system should assist in gathering the 

required information and support the regulators’ decision-making around the sustainable management 

of New Zealand’s geothermal resource portfolio, especially in terms of the longevity of its geothermal 

energy resources and availability for future generations. This is a necessary (and presently missing) 

element for regulators and decision-makers to adequately implement and monitor New Zealand’s 

sustainable geothermal resource management and hence, compliance with the RMA (1991). Other 

necessary information for the other dimensions of sustainable geothermal resource management in 

New Zealand, e.g. on external environmental impacts, is already regularly gathered and incorporated 

in geothermal consent decision-making, monitoring and compliance (see Sections 2.3 and 2.4). 

 

After applying the proposed framework to the case study of Ohaaki, further recommendations are made 

in Section 4.3 and Chapter 5 on how to further improve the application of the UNFC framework and 

geothermal specifications to the sustainable management of geothermal resources in New Zealand. 

Because the UNFC Framework allows the adaptation to local requirements, these modifications do not 
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need to be in the form of changes to the UNFC framework or geothermal specifications themselves. In 

Sections 4.3 and Chapter 5, improvements are recommended to the proposed and adapted geothermal 

resource management system as introduced in Section 3.5, as well as additions and clarifications in 

terms of technical specifications, implementation methods and quantification guidelines. 

 

Section 3.3 describes a case study of the adaptation and the implementation of the SPE-PRMS 

system for the New Zealand petroleum sector, as well as the lessons learnt and useful 

improvements in resource management. Although for the different purposes of optimising the 

financial and economical allocation of petroleum resources, the same principles of improvements 

in data consistency, transparency and reliability could be important for the improved sustainable 

management of geothermal resources in New Zealand.  

 

3.3 Case study New Zealand CMA-petroleum experience and lessons for NZ-geothermal 

Sections 3.1 and 3.2 have described the importance of consistent, reliable and transparent resource 

management and reporting systems, as well as noting the absence – until recently - of such systems in 

the geothermal sector. The new UNFC framework could be the basis for a geothermal resource 

management system but has not really been implemented anywhere yet to prove how it could work and 

what benefits it would bring in practice. For the implementation in the New Zealand geothermal sector, 

it would also need some adaptation to the unique geothermal regulation (see Sections 3.4 and 3.5). 

The following case study of the recent implementation of SPE-PRMS in the New Zealand petroleum 

sector can show how some of the benefits and lessons could be derived from such implementation, 

even if the example is from a different resource sector. 

 

Background of the petroleum sector and resource management in New Zealand 

Although traces of NZ’s petroleum resources had been clear from seepages in the Taranaki region long 

before the European settlers arrived, and the first oil well was drilled in 1865 (only ten years after the 

world’s first oil well in Pennsylvania), sustained exploration and development only took off in New 

Zealand in the mid-1960s (Grinlinton, 1995). Originally driven by private initiative, government 

involvement increased, until “Section 3 of the Petroleum Act 1937 declared all petroleum in New 

Zealand to be the property of the Crown, regardless of when the land was originally alienated from the 

Crown.” (quoted in Grinlinton, 1995, p.376). State involvement was large until the mid-1980s when a 

wide-scale privatisation process was initiated across the NZ economy. Although private investment in 

the sector was now encouraged, crown resource ownership was confirmed in the Crown Minerals Act 

of 1991 (CMA). Under the new regime, there are three distinct elements in mineral exploitation and 

development for a land-based petroleum project in New Zealand (e.g., Grinlinton, 1995; and Nolan, 

2018): 

• Allocation of the resource through a mineral permit issued under the CMA; 

• Access to the resource (either through land-ownership or access arrangements); and 

• Acquisition of land use, water, and discharge consents for the environmental 

externalities of the mining activity (to be granted under the RMA). 
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It is important to reiterate that there are no references in the CMA or the minerals programmes to 

’sustainability’. That is regarded as the province of the RMA when resource consents are applied for, 

whereas the CMA is primarily about the allocation of the property right in minerals (including petroleum) 

and access rights over neighbouring or superjacent properties. Neither makes reference to the 

sustainability or speed at which the petroleum resource should be used, as is the case for the 

sustainable management of natural geothermal resources as allocated under the RMA. 

 

The implementation of the CMA has been through various subsequent Mineral or Petroleum 

Programmes (starting in 1995). In general, these programmes have been rather light-handed in terms 

of information requirements and reporting standards in comparison to similar jurisdictions until recent 

changes occurred to the CMA in 2013 (see below). New Zealand has the 5th largest Exclusive Economic 

Zone (EEZ) in the world and promising geological structures and prospectivity. However, it is still quite 

underexplored and has only established production in one area: Taranaki (on-shore and shallow-

offshore). Detailed accounts of the background and reasons for New Zealand’s petroleum sector history 

can be found in Grinlinton (1995) and MBIE (2012). 

 

With the national government coming into power in 2008, there was a drive to attract more investment 

to the minerals sector (especially petroleum) to “maximize gains for NZ Petroleum Reserves” (MED, 

2010). Subsequently, a lengthy process of studies and consultation rounds resulted in wide-ranging 

changes to the CMA in May 2013, and subsequently, the NZ Petroleum & Minerals (NZP&M) Petroleum 

Rules & Regulations (2014). These also included changes in reporting requirements, as well as public 

reporting on these. The reasons and implementation of these can be instructive for the geothermal 

sector. Below is a general overview of the aims and implemented changes as well as their results, 

giving an overall picture of the changes, but concentrating on the reserve and resource reporting 

requirements, as well as additional measures to improve the government’s ability to understand and 

manage the NZ petroleum estate. 

 

After the reforms in 2013, a purpose clause was added to the CMA:36 

1A Purpose 

(1) The purpose of this Act is to promote prospecting for, exploration for, and mining of Crown 

owned minerals for the benefit of New Zealand. 

(2) To this end, the Act provides for: 

• the efficient allocation of rights to prospect for, explore for, and mine Crown owned 

minerals; and 

• the effective management and regulation of the exercise of those rights; and 

• the carrying out, in accordance with good industry practice, of activities in respect of those 

rights; and 

• a fair financial return to the Crown for its minerals. (CMA 1991, s 1A)37  

 
36 Note the absence of any mention of ‘sustainable management’ as for geothermal resources under the RMA.  
37 As inserted by the Crown Minerals Amendment Act 2013 (CMMA). 
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Nolan (2018) mentions that the last purpose of ‘fair financial return to the Crown’ has been criticised for 

not encompassing the wider economic benefits of mining/petroleum production, with calls for a share 

of the royalties to be directly shared with the regions where the mining occurs. This could both address 

and alleviate potential issues with community acceptance of the mining activities and with financing the 

required regional consenting and enforcement costs.  

 

Changes to the RMA, Rules & Regulations, and SPE-PRMS 

One of the changes to CMA and the NZP&M Rules & Regulations implemented in 2010-2014 was the 

specific requirement for consent-holders to report petroleum resources using the common SPE-PRMS 

code, where beforehand this had been more loosely defined as ‘industry standards’. 

 

Another change implemented was an expansion of reporting categories. Where beforehand New 

Zealand had a more liberal reporting and publication system with few reporting categories (more akin 

to the USA and Australian regulatory models), after the changes, New Zealand shifted to a more 

‘governed’ petroleum resource management model akin to many of the North Sea petroleum holding 

countries (e.g., UK, Norway, and the Netherlands - see also Table 4 below). As can be seen from the 

same table, apart from requiring more data to be reported, much more of this information was to be 

made publicly available. On top of this, more personnel were added to enhance verifying and – if 

necessary – the questioning of the reports and data being sent in to assure consistency and accuracy. 

Reporting frequency was reduced from six-monthly to annually. 

 

Table 4 

Gas Reserve Reporting & Publication before and after CMA Changes (Author, Based on MED, 2010)*  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Note: changes to NZ petroleum reporting after CMA changes in 2013 marked in yellow 
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All of the above was intended to provide more transparency and clarity of information for the government 

and the public to be in a better position to manage and plan the use of its resources and related royalty 

streams. This is also visible in the data published annually by MBIE38, both on-system and aggregate 

portfolio levels (e.g., see an overview of reported gas reserves and resources in Table 5).  

 

Table 5 
Aggregate Gas Reserve Reporting and Publishing 2009-2020 (Author Based on MBIE-NZP&M data) 

 

The example above shows that the increased reporting requirements and implementation of SPE-

PRMS standards greatly increased the amount of information available for the government and other 

parties to evaluate and plan the management of its petroleum resources. Other regular data reporting 

included minimum-to-maximum deliverability of each gas field, estimated future gas field production 

profiles, and annual ‘activity’ (e.g., wells and metres drilled, seismic and drilling expenditures). This was 

supplemented with additional, government financed pre-exploration studies to assess prospective 

resources in previously unexplored petroleum regions in New Zealand. This was to form the basis for a 

long-term petroleum strategy and plan. The Petroleum Action Plan (MED, 2009) had ambitious plans 

to become a potential oil exporter by the 2030s, which was also expressed in the NZ Energy Strategy 

2011-2021 (MED, 2011). As it happened, a new Labour-Green government came to power in 2017 with 

a very different perspective on petroleum development in New Zealand, and on 8 November 2018. NZ 

Parliament passed legislation banning new offshore oil and gas exploration in New Zealand, although 

existing offshore and onshore licenses would continue to operate. However, this change in direction did 

not change the need to manage the existing mineral and petroleum resources or the introduced 

resource management improvements as discussed above (see also the new resource management 

strategy, MBIE, 2019).  

 

 
38 Note: in July 2012, MED was incorporated into MBIE. 

Ultimately Recoverable 

(2P) as at 1 January

Contingent (2C) 

Resources

PJ PJ PJ PJ

Gas-2010 2,077 7,463

Gas-2011 2,021 7,587

Gas-2012 1,999 7,698

Gas-2013 2,021 7,887

Gas-2014 2,642 3,709 8,793 1,605

Gas-2015 2,373 2,918 8,882 2,114

Gas-2016 2,116 2,699 8,748 1,734

Gas-2017 2,020 2,697/2,458 8,577 1,867

Gas-2018 1,917 2,736/2,323 8,628 1,876

Gas-2019 2,050 2,413/3,062 8,931 2,381

Gas-2020 2,043 2,384 / 3,135 9,180 2,943

Remaining Reserves 

(2P) as at 1 January

Remaining Reserves 

(3P) as at 1 January
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Another important aspect of the petroleum regulation system as managed in New Zealand, and most 

other countries, is that the central government allocates permits, not only at the production stage but 

also at the exploration and sometimes prospecting stage. Each of these permits comes with reporting 

requirements, and hence, the central government regularly (annually) receives information, both on 

producing resources (reserves) and on non-producing resources (prospective and contingent). This is 

in contrast with the New Zealand geothermal regulation, where major permits (consents) are only 

requested and awarded at the production stage, and hence, geothermal developers are only required 

to report information for producing systems.   

 

The most recent petroleum reporting system in New Zealand has been in full operation for around seven 

years but has not been officially evaluated. With the change to a Labour-led government in 2017, the 

policy preference has markedly shifted away from fossil fuels to more renewable resources, but as 

shown above, the implementation led to a considerable strengthening of information gathering (Campen 

van & Archer, 2016). A similar exercise in The Netherlands was described and evaluated after five 

years of continuous use (Kreft et al., 2014), and came to similar lessons, including: 

1. Strict adherence to the SPE-PRMS (2011) standards created transparency and reliability of data. 

2. The inclusion of additional reporting categories (prospective – contingent resources and reserves) 

contributed to the understanding of project development/maturity over time. 

3. Additional, well-trained personnel are needed to properly review and interpret data. 

4. Lowered reporting frequency (from six to 12-monthly) didn’t have a material impact. 

5. Implementing and maintaining SPE-PRMS as a resource management system requires a 

considerable effort but is worthwhile for its benefits, which include: 

a) A better understanding of the historical process of resource and reserve development for 

individual fields/systems, as well as at portfolio level; 

b) Identification of bottlenecks; 

c) Overall improved management and estimation on future development of resources and 

reserves, as well as royalty and tax income flows. 

 

Similar benefits and lessons could be learnt for the New Zealand geothermal resource sectors. Section 

3.4 summarises the different status and deficiencies of present geothermal resource portfolio 

management and regulation in New Zealand. Section 3.5 analyses how the new UNFC geothermal 

resource classification framework could be adapted and used for improved geothermal resource 

management for New Zealand.  
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3.4 Implementing overall resource portfolio resource management in NZ-Geothermal 

As described in Section 3.1 and 3.2, to adequately manage a resource portfolio (be it geothermal, 

petroleum or minerals), a consistent, reliable and transparent resource management system is needed. 

The New Zealand case study in Section 3.3 illustrates some of the potential benefits and lessons, but 

NZ geothermal resources are regulated differently than petroleum in many other countries. Hence, an 

adapted approach is needed. This section summarises the differences and needs of geothermal 

portfolio resource management in New Zealand. 

 

Section 2.3 shows that, over the years, Regional Authorities in New Zealand have developed an 

elaborate and effective system to categorise, review, consent, and monitor individual geothermal 

systems for development and controlled depletion over multiple generations (50-100-year timeframe). 

Section 2.3.4 has outlined in non-technical terms the precautionary principles, adaptive management, 

and information requirements that have been implemented to closely monitor each individual system 

and assure controlled depletion within the context of uncertain information. The set-up seems to be 

working well for individual development systems in New Zealand, where many individual systems have 

been producing for 30-65 years+, with the intention of being rested for recharging for a similar period 

and subsequent re-use. As the three case studies in Section 2.4 show, this generally corresponds to 

levels of (very) weak to weak+ sustainability for individual geothermal systems. The portfolio 

management approach adopted by WRC and BoPRC adds an additional layer of stronger sustainability 

to the overall geothermal resource management in their respective regions by protecting/managing a 

sizeable quantity of the resources in the portfolio for future generations. However, at present, there are 

several weaknesses in this area of overall geothermal resource management in the regions: 

• The last (and only) time WRC implemented a review of all its high enthalpy geothermal systems 

was in 2001-2002, encompassing both Development, Protected, Research and Conditional 

Development systems (SKM-WRC, 2002). At the time, no common global geothermal resource 

assessment framework was in existence. The method and approach applied only used publicly 

available information and a simple volumetric stored heat assessment (see Section 3.1.3 for 

details). This was criticised as being too simplistic, but it was the only consistent data available 

at the time (and still is). Due to the approach chosen, the data mostly resembles a consistent 

set of ‘prospective’ resource assessments, although many of these systems were (are) 

classified as protected, and hence, have no pathway to commercial development. 

• BOPRC and NRC never implemented a formal review of their overall resources, but Lawless 

and Lovelock (2001) and Lawless (2002) attempted to use a similar resource assessment 

approach for their systems and resources in an ‘unofficial’ capacity (on the initiative of the NZ 

Geothermal Association). 

• The combined reviews came to a total of around 4,000 MWe of ‘sustainable’ geothermal 

resources in all systems, including Protected, Research, and Limited Development systems. 

These numbers have often been used as an indication of New Zealand’s geothermal power 

generation potential, although around half of the resources are under protected systems or 

otherwise have development restrictions (see Table 6 in Section 3.5).  
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• There have been no systematic, new national or regional geothermal resource reviews since 

then, although installed geothermal generation capacity has grown from less than 400 MWe in 

the early 2000s to around 1,000 MWe in 2019. WRC has since stated the statutory need to 

review its geothermal resources as part of its overall Regional Policy Statement review (every 

ten years) but has not implemented a new resource review yet, largely due to lack of funds, 

prioritisation and uncertainty on what standardised method to use. In 2014, a discussion was 

started with the geothermal sector to implement such a review, using the adopted 

Australian/Canadian Code, but this was subsequently abandoned (see Section 3.2.3). 

• Apart from geothermal power generation, direct use of geothermal heat is taking place on a 

large scale already (especially in Kawerau, see Section 2.4.3) and has great future potential, 

but has been virtually uncharted, both on its individual merits, as on its interaction with 

geothermal power generation.39 

• As mentioned in Section 2.3, the nature of geothermal resource assessment under the RMA is 

that significant amounts of resource information and assessment are only required to be 

reported upon publicly when a project is ready to be commercially developed at the production 

consenting stage (reserves). Information on contingent resources (i.e., promising, potentially 

commercial projects) under (advanced) exploration is not required to be reported publicly, and 

hence, large data gaps exist for energy planning purposes (what future geothermal power 

generation resources would realistically be available for next generations?). 

• There has been no attempt at national coordination of geothermal resource management 

between national and regional regulators, although WRC and BoPRC have started to align their 

RPS and RP and signed an MoU to increase cooperation and coordination. 

 

Need for improved geothermal resource management in New Zealand – both from sustainably 

AND energy planning perspective 

The issue of sustainable management of geothermal resources has come to the forefront again, as the 

Labour government (since 2017) has announced ambitious plans to transition to a low/net-zero-

emissions economy by 2050 and a 100% renewable electricity system by 2035. Geothermal power 

generation and direct heat use (replacing gas use in the industry) are expected to make a large 

contribution. Many of the long-term New Zealand electricity modelling scenarios since 2017 (e.g., BEC-

2060, 2019; ICCC, 2019; Stevenson et al., 2018; Vivid, 2017) include high amounts of geothermal 

power generation in their long-term (2050-2060) scenarios (up to 5,000 MWe+). There can, however, 

be serious questions whether such high amounts of geothermal resources are sustainably available 

from unprotected geothermal systems in New Zealand and what to do as such ‘developable’ geothermal 

resources come closer to being fully allocated. This would create increasingly less flexibility with 

adaptive management and raise questions of which geothermal resources would remain available for 

future generations. 

 
39 Due to the varying temperature needs in direct geothermal heat use, this can either compete with (if high-temperature resources 
are needed) or complement geothermal power generation (if waste heat from geothermal power plants can be used before 

reinjection into the reservoir. 



83 
 

 

Before making a new overall geothermal resource assessment for New Zealand, a common Geothermal 

Resource Management System (GRMS) needs to be agreed upon. In Section 3.5, such a GRMS is 

suggested for New Zealand, based on the globally accepted UNFC framework (UNECE-2013), but 

adapted to New Zealand’s specific geothermal regulatory context. This is then applied to a detailed 

resource assessment case study over time (Ohaaki) to derive lessons toward technical application, as 

well as overall resource management. 
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3.5 Proposal to apply UNFC geothermal classification adapted to New Zealand 

As discussed in the previous sections, one of the important improvements to geothermal resource 

management in New Zealand would be the implementation of a consistent, transparent and reliable 

framework, similar to the PRMS one introduced for the petroleum sector (see Section 3.3). However, 

there are some unique regulations, needs and requirements for New Zealand that need to be taken into 

account (see Section 3.4). The new UNFC Classification Framework (UNECE, 2020, p.4) explicitly 

mentions that the framework can be adapted to national and local needs, which could make it all the 

more useful to the peculiarities of New Zealand’s geothermal regulations and the specific needs of New 

Zealand’s national (MBIE, Transpower) and regional (WRC, BoPRC, NRC) regulators, as well as 

developers, land-owners, iwi, and other parties involved. The UNFC framework can also be simplified 

from its 48 reporting categories (see Section 3.2.3) to make it simpler and more transparent. 

 

To come to a simpler, adaptable system, a significant correlation can be explained between the ‘project 

Feasibility’ and ‘socio-Economic viability’ axis (see Section 3.2.3). Hence, in practice, viable reporting 

categories can largely be projected on a plane with two dimensions: Geological knowledge and 

project/commercial/socio-Economic feasibility (see Figure 12 below). 

 

Figure 12 

Illustration of the 3-dimensional UNFC System projected on a 2-dimensional Plane (Ussher et al., 

2018) 

 

The most important reporting categories will then be: 

1. E1-F1-categories (green): These pertain to commercial producing or committed and 

consented projects, for which most information is publicly available; in the New Zealand context, 

largely through the consent hearings and annual data from electricity market authorities. This 

corresponds largely to the Reserves category in the SPE-PRMS. An important addition in the 

New Zealand context would be the remaining length of the main resource consent (fluid take 

and reinjection). This is information that can be acquired from regulators but is not readily 
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available in the public domain. This type of information is important for present electricity market 

operators, generators, retailers, and large users. 

2. a) E2-F2-categories (orange): Mainly projects under advanced exploration and with potential 

commercial attractiveness. Data for this category will be difficult to get as the New Zealand 

geothermal regulatory framework does not require the reporting of information on projects that 

do not have a resource/production consent approved or under application. 

b) E3-F2-subcategories (red): Mainly projects under advanced exploration but lacking 

commercial feasibility in the near future (< 5 years). Data for this category will be difficult to get 

as the New Zealand geothermal regulatory framework does not require the reporting of 

information on projects that do not have a resource/production consent approved or under 

application. 

In practice, the distinction between potential commerciality (or not) of projects on a five-year 

time-scale is difficult to make, particularly in the discussed context of New Zealand, where there 

is no public reporting on these types of geothermal resources (see 3.5.3). Hence, it is proposed 

to combine these categories into one which corresponds with the SPE-PRMS ‘contingent 

resources’ category (yellow). This type of information is important for long-term 

electricity/energy sector planners such as Transpower and MBIE, but also large electricity 

producers and users. 

3. E3-F3-4 categories (blue/grey): Exploration projects and additional potential resources. 

WRC’s overall resource assessment (SKM-WRC, 2002) would appear to fit this category for 

New Zealand data. This would largely correspond with the PRMS ‘prospective resources’ 

category, although the New Zealand data does include geothermal resources under protected 

and other systems with development barriers, which would normally not be able to be reported 

under PRMS ’prospective resources’. In the New Zealand regulatory context, such resources 

under protected and other systems with development barriers are an essential part of the 

overall sustainable management of the geothermal portfolio and hence need to be quantified 

and classified. This protection status of the geothermal system would have to be added to 

complete the overview. 

 

Illustration of application to NZ geothermal resources (using public data only) 

To illustrate the application of the proposed system, Table 6 below collates some of the publicly 

available data on the various high enthalpy geothermal systems, the regions (WRC, BoPRC and NRC), 

and the protection status of each system (Development, Limited Development, Research, and 

Protected systems). 
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Table 6 

Overview Application of proposed UNFC Framework to NZ National Geothermal Resource Portfolio 

(Campen van et al., 2019) 

 

 

From the above Table 6, it can be seen that there is a significant gap between the overall regional 

geothermal, prospective resources (regional sustainable resource portfolio as estimated in SKM-WRC 

[2002] and Lawless [2002]) and the presently commercial, producing projects. The total estimate of 

regional, high enthalpy resources adds up to the often-quoted 4,000 MWe, but around half of these are 

under Protected or other systems with development barriers. The data used here is almost 20 years old 

and needs updating, but it is the best (only) such information available at present. 

 

Potential deposits

E3/F3-F4: Exploration 

Projects/Additional quantities in 

place

E2-E3/F2: Potentially commercial 

projects and non-commercial 

projects

E1/F1: Commercial projects 

Regulator's sustainable resource 

portfolio
Contigent resources Existing, producing projects

Probabilistic (P50) volumetric heat 

assessment (cumulative resources; 

MWe-net * 30 yrs)

Projects with Development potential; 

generally little public data available
Generating capacity (MWe-net)

Source SKM-WRC (2002); Lawless (2002) n/a NZGA (2019)

Horohoro (WRC) 5

Mangakino  (WRC) 47

Mokai (WRC) 140 110

Ngatamariki (WRC) 120 80

Ohaaki (WRC) 130 45

Rotokawa (WRC) 300 170

Wairakei-Tauhara (WRC) 830 380

Ngawha (Northland RC) 75 25

Kawerau (BOPRC) 450 177

Rotoma (BOPRC) 35

Totals for Development 

Systems
2,132 987

Tokaanu-Waihi-Hipaua (WRC) 200

Atiamuri (WRC) 6

Roturua (BOPRC) 35

Tikitere-Taheke-Ruahine (BOPRC) 240

Reporoa (WRC) 42

Horomatangi (WRC) 380

Te Kopia (WRC) 96

Tongariro (Ketetahi) (WRC) 100

Orakei-Korako (WRC) 110

Waimangu (WRC) 280

Waiotapu-Waikite (WRC) 340

Ketetahi (BOPRC) 100

Totals All Systems 4,061 987

Not Included: Motuapa, Ngarahoe, Ongaroto, Ruapehu (WRC-protected), nor White Island, Whale Island (BoPRC-protected)

Research Systems

Protected Systems

NZ Interpretation

UNFC Classes

Known deposits

Development Systems

Limited Development Systems
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The presently operating, commercial geothermal projects are around 1,000 MWe (doubled in the last 

decade). The data is public, up-to-date and quite reliable. A question exists around the length and other 

important conditions to the main resource consents for these geothermal systems (fluid take and 

reinjection), which might create impediments to future use. 

 

As mentioned, the big challenge in New Zealand is around finding information on ‘contingent’ 

geothermal resources (potentially commercial projects). This has been investigated and will be 

discussed further in Chapter 5 (Lawless et al., 2020). This raises the question of how much capacity 

(contingent resources) should be kept available to meet the reasonably foreseeable needs of future 

generations and assure the sustainable management of the overall New Zealand resource portfolio. 

Without an overview (and regular update) of the main data sets in a consistent, transparent and reliable 

framework, we cannot even begin to properly analyse and discuss this question. 

 

For further implementation, many details have to be clarified. The UNFC Framework is not very 

prescriptive on what methodology to use when assessing geothermal resources at different project 

stages,40 but insists on consistency and the specification of many assessment details and assumptions, 

including: 

• End product/point of sale (in most cases MWe electricity produced to the national grid, but 

this could include direct heat for industrial purposes); 

• Similar units and assumptions used (e.g., Mwe net vs gross electricity production/sales, 

percentage availability or capacity factor, efficiency from primary energy/heat from the 

geothermal system to the end product); 

• Total energy produced over the period of expected production (e.g., GWh or PJ). 

 

These details are further explored in Chapter 4 and applied to the Ohaaki case study. This should 

provide detailed lessons and guidelines on the application of the adapted UNFC system to all of New 

Zealand’s geothermal systems. 

 

  

 
40 Guidance could be taken from the AGEA (2011) Geothermal Lexicon. Also see discussion in Section 4.1 
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3.6 Summary and discussion 

In Chapter 2 (especially Section 2.6), the first part of the main research question was answered on how 

sustainable the use and management of geothermal energy resources in New Zealand are. In Chapters 

3 and 4, the second part of the research question is explored on what (engineering) improvements to 

resource assessment, management, and monitoring could be possible and desirable in New Zealand, 

with particular emphasis on lessons from other underground resource sectors such as mining and 

petroleum. 

 

Chapter 3 has first described the nature of geothermal systems, projects and resource assessment 

methods (Section 3.1), including similarities and differences to other underground resource sectors 

(mining and petroleum). In Section 3.2, the importance of using standardised resource assessment, 

reporting and aggregation is argued, with important lessons from the mining and petroleum sectors. 

This is supported by the case study of New Zealand introducing the global SPE Petroleum Resource 

Management System (SPE-PRMS) from 2010 onwards to improve its management of its petroleum 

resource portfolio (Section 3.3).  

 

As described in Section 3.2.3, until recently, the geothermal sector has not had such a common, globally 

accepted resource framework or resource management system (IGA, 2015). Between 2008 and 2010, 

a combined Australian/Canadian Geothermal Code (AGEA, 2010) was developed that received some 

global use and recognition. In 2014, WRC started investigating the use of a modified version of this 

‘Australian Code’ for the reporting of New Zealand geothermal resources (Maunder, 2014). However, 

in the meantime, the International Geothermal Association (IGA) and UNECE have finalised 

Geothermal Specifications (UNECE-IGA, 2016) to go with the general UNFC Resource Classification 

Framework (UNECE-2013). With the acceptance and publication of the UNECE-IGA Geothermal 

Specifications, the Australian Code has effectively been dropped and is no longer being maintained 

(Falcone & Beardsmore, 2015).  

 

As argued in Section 3.4, the UNFC system could be useful for managing New Zealand’s geothermal 

portfolio but would need adaptations to the specific RMA-regulation and requirements for various 

regulators. Taking the lessons from the NZ-PRMS experience and specific requirements of the NZ 

geothermal regulatory context into account, a proposal for an adapted UNFC system for New Zealand’s 

requirements is presented and illustrated in Section 3.5, using high-level existing data-sets to discuss 

gaps and future needs. In Chapter 4, these are then applied to the case study of Ohaaki geothermal 

assessment over time. 
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Chapter 4 Application Adapted UNFC to Detailed Ohaaki Case Study 

Ohaaki is one of the oldest geothermal systems to be exploited in New Zealand (and the world). It has 

a long, interesting history of government-supported exploration since the 1960s but was only 

commissioned in 1989, by which time 49 wells had been drilled. Over its almost 30 years of operations, 

it has gone through three consent/resource proofing processes and various adjustments of its resource 

assessment due to combinations of geological, regulatory, and market circumstances. Combining 

historical resource assessments and operational aspects in a review of resource development over time 

should provide important lessons for the sustainable management of New Zealand and other 

geothermal resources. 

 

Under Section 4.1, the details of three of the most important resource assessment and consenting 

stages will be analysed in detail. These points in time were chosen specifically – in consultation with 

Contact Energy (the owner-operator of the Ohaaki power station) and other experts: 

1. Early exploration and well drilling, culminating in consenting (1978), design and commissioning 

(1989) 

2. Re-consenting in 1998 and operation to 2012 

3. Re-consenting in 2013 and continued operation 

 

After a short introduction, the analysis will be organised according to three important lines: 

A) Consenting process and requirements. As NZ geothermal regulation evolved over time, these 

requirements changed at each of the consenting stages. 

B) Resource assessment, models, and assumptions used. As the knowledge of the Ohaaki 

geothermal system developed (and regulations required more reporting), more detailed resource 

assessments and models were developed. After a description under each consenting stage, these 

will be compared in Section 4.2.2. 

C) Real operation: after consenting, real operation, well drilling, and generation generally evolved 

differently than assumed/modelled for the resources assessments under B). This could be due to 

technical, market, and/or regulatory factors.  

 

After describing each consenting stage under Section 4.1, Section 4.2. will analyse the changes over 

time in the context of market and regulatory changes (4.2.1), technical assumptions (4.2.2) and the 

UNFC framework (4.2.3).  

 

Finally, Section 4.3. will discuss what can be learnt from using the UNFC framework, both about the 

Ohaaki case study itself and on about the usability of using the UNFC framework for the improvement 

of sustainable geothermal resource management in New Zealand. This will support the answering of 

the research question in Chapter 5. 
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4.1 Ohaaki Detailed Modelling and Operation Analysis 

 

4.1.1 Understanding geological and technical background of Ohaaki system and plant operation 

After three decades of operation, more understanding of the complexities of the Ohaaki geothermal 

system has been acquired: In general, it is a system with good porosities and temperatures (higher than 

Wairakei), but permeability fragmented in isolated zones (hence, much less overall permeability than 

Wairakei). Much of this was known or inferred early on, but since the 1995-7 and 2005-7 drilling 

campaigns, a better understanding of the deep sources of high enthalpy fluid has been created. Also, 

the operation of the plant has evolved, e.g., with the high-pressure turbines gradually being reduced 

and now mothballed. 

 

Understanding Ohaaki  

There are now considered to be two main upflows of high enthalpy fluids in the Ohaaki system; the 

main recharge coming from a confined area Northwest of wells BR60 and BR3 on the West Bank, and 

a small contribution from the East Bank (see Figure 13). The two separate upflows have been inferred 

from the differing chemical signatures of the fluids from each production area. The deep drilling results 

indicate that there is no significant permeability in the greywacke rock formation, which underlies the 

East Bank. It is likely that part of the West Bank recharge migrates to the East Bank along a zone of 

enhanced permeability close to or along the greywacke interface (source: Contact-SMP, 2013). 

Figure 13 

Conceptual Model of Ohaaki Reservoir, Rock Formations at Depth, Isotherms and Upflows on West 

and East Bank (Carey, 2013)  
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From these two separate upflows, two production areas produce fluids to power the Ohaaki Power 

Station – the East and West Banks. On both the East and the West Bank, a small portion (~20%) of the 

intermediate pressure steam supplied to the power station comes from wells drilled into the intermediate 

aquifer (400 – 1200 m depth). However, since 2007, all the high-pressure steam and the majority 

(~60%) of the intermediate-pressure steam comes from wells drilled into the deep reservoir (>1200 m) 

on the West Bank. The confining layer between the two aquifers is inferred to be the Rangitaiki 

Ignimbrite. 

 

Production from the West Bank 

Prior to 2007, most of the production from the West Bank was from the intermediate reservoir in the 

volcanic formations between 400 and 1200 m depth. Currently, all of the high-pressure steam 

production and ~60% of the intermediate pressure production is coming from the deep wells drilled in 

2007 into the deep reservoir. The average enthalpy on the West Bank remained stable at between 1200 

and 1300 kJ/kg from when the power station was commissioned until 2007 when the average enthalpy 

increased to 1500 kJ/kg with the addition of the deep higher enthalpy wells. However, by 2010, the 

enthalpy had almost declined to pre-2007 values. Future production drilling will likely be from the deep 

reservoir. Experience over recent years indicates that reliable production wells with high temperatures 

and moderate permeability can be obtained if casing depths are below the base of the intermediate 

reservoir. Further drilling is likely to be undertaken to explore the north-western extent of the deep 

reservoir. Drilling into the intermediate aquifer will be limited to replacements for existing wells as they 

need to be abandoned and if it is economical to do so. 

 

Production from the East Bank 

In 1995, a deep drilling programme was undertaken to investigate production from the greywacke 

basement. On the East Bank, over 3 km of greywacke was drilled in multiple wells. High temperatures 

of 290 ˚C and above were encountered, however little to no permeability was found in this deep 

reservoir. 

 

Currently, all of the production wells on the East Bank are producing from the volcanic formations at 

500 – 1200 m depth. The wells have shown a declining enthalpy trend since 1998, with average 

enthalpy from all wells at 1300 kJ/kg in 1998 declining to 1000 kJ/kg in 2005. Since 2005, the enthalpy 

has remained stable at ~1000 kJ/kg. 

 

Due to the extensive drilling on the East Bank, including the 1995 deep drilling programme, and the 

relatively low enthalpy and permeability from existing wells, it is unlikely that this area will become a 

major focus for production drilling in the future. Replacement wells may be drilled to maintain separation 

plant flows as existing wells need to be abandoned. However, investigations into utilising the large 

energy potential of the greywacke basement are ongoing and may become an option in the future as 
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viable technologies (e.g. Engineered Geothermal Systems – EGS) emerge to harness energy from less 

permeable volumes of rock. 

 

Constraints and side effects 

Ohaaki’s main constraints and side-effects were identified early on (before the build decision and 

commissioning) but further explored and managed during the 30 years of operation: 

- Limited permeability (including at depth and East Bank) led to significant pressure drops on 

production wells and the need to drill many make-up wells. 

- Potential cold-water inflow due to the limited connection of Ohaaki’s main production area to 

the remainder of the hot system (East Bank; e.g., see Grant, 1977), especially in the shallow 

area (400-1000 m depth) where most production wells were in the past. 

- Return of injection fluids to production areas (both East and West Bank wells). At the start of 

production in 1988, little experience existed with the reinjection of large amounts of fluids into 

a liquid-dominated system like Ohaaki, but returns of reinjected fluids were closely monitored 

with tracer testing, and the areas of strongest in-field returns were identified within a couple of 

years. New outfield reinjection wells were drilled and commissioned (including BR-38, BR-41, 

and BR-46), and in-field reinjection wells with high fluid returns were disconnected (BR-7, 12, 

29, and 30). 

- Subsidence. As discussed in Section 2.4.1, subsidence is often an effect of large-scale fluid 

extraction, and Ohaaki has shown one of the highest rates of subsidence in the world. These 

subsidence effects had already been observed during field testing in the 1960s and 1970s, with 

potential inundation of the Ngati Tahu Marae (or Māori meeting house) predicted. Subsidence 

effects and possible mitigation and/or remedy have been the main focus of concern to the Ngati 

Tahu during the re-consenting and operation of Ohaaki. 

- Mineral deposition, especially calcite (and to a lesser extent silica), leading to scaling in 

wellbore and formation, and wells losing productivity and the need for wells to be worked over 

faster. 

- From an environmental perspective, the Waikato river was assessed as already ‘loaded’ with 

heat and minerals from Wairakei etc., so that ‘full’ reinjection was deemed necessary, as well 

as a (natural flow) cooling tower. As this had not been done at such a scale when the plant was 

under consideration in the 1970s, this required significant design and experimentation. 

- High CO2-content. Early on its exploration, it was recognised that Ohaaki geothermal fluids 

contained a high amount of CO2, which had some operational impacts, but wasn’t an area of 

major concern during consenting41. Consequently, detailed data on Ohaaki CO2 and 

greenhouse gas emissions was not regularly published. However, since the implementation of 

an Emissions Trading Scheme (ETS) in 2008, such data is reported annually. An analysis by 

McLean and Richardson (2019) shows emissions intensity (measured in gCO2eq/kWh) has 

steadily declined from 525 gCO2eq/kWh in 2008 to 341 gCO2eq/kWh in 2018, largely due to 

 
41 Actually, climate change mitigation and management were specifically excluded from regulation by regional authorities and 
the RMA, but instead are regulated at a national level with an Emission Trading Scheme (ETS) as the main tool since 2008. This 

changed as the RMA was amended in 2020 (see Section 2.2). 
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pressure drawdown and degassing (McLean & Richardson, 2019). This still makes Ohaaki the 

highest emission intensity geothermal power station in New Zealand (with Ngawha a close 

second at 304 gCO2eq/kWh in 2018) and close to the average emissions of Combined Cycle 

Gas Turbines (CCGT) in New Zealand (around 390 gCO2eq/kWh; McLean & Richardson, 2019). 

 

Ohaaki operations 

Ohaaki’s power plant derives its steam from both East and West Bank through separate High Pressure 

(HP) and Intermediate Pressure (IP) separators and steam pipes. All of the steam supply is routed 

towards the power plant, where it feeds (originally) two HP and two IP turbines. At present, one HP-

plant has been mothballed, and only one IP turbine is in operation.   

 

The steam passes through the HP and IP turbines, and the exhaust is cooled through a natural cooling 

tower. This means that the majority of condensate is evaporated and only a small portion reinjected 

together with the main portion of the Separated Geothermal Water (see Figure 14). 

 

Figure 14 

Ohaaki Mass Balance for 2017 (Contact-AR, 2017) 

 

Separated geothermal water is largely reinjected, but some is diverted to the existing natural Ohaaki 

Ngawha and fumaroles (and hence into the river) and to the Ohaaki timber-drying kilns. Reporting on 

this has much improved over the years (see Annex 3, Historical production and generation). 
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4.1.2 Exploration, design and decision-making up to 1989-commissioning 

Ohaaki/Broadlands42 was the third New Zealand geothermal system to be developed, after Wairakei 

and Kawerau. Government-led exploration started in earnest in the 1960s, with many wells drilled and 

a plethora of resource assessments over the years. Decision-making around the Ohaaki power plant 

was complex and – for technical, as well as political, community, and land access reasons – went 

through many different phases. The Ohaaki power plant was only commissioned in 1989. This section 

describes the development of the Ohaaki power plant in the first consenting stage (1978) and until its 

commissioning in 1989. Details of the consenting and design stages and resource assessments are 

described in the following sections, with a similar set-up for each of the consenting stages: 

A) Consenting and design process (1977-1989) 

B) Resource assessment and models and assumptions used 

C) Subsequent real operation (compared to modelled) 

 

A) Consenting process to final design/commissioning (1977-1989) 

The first scientific report of the Ohaaki area was made by Grange in 1937 as part of his description of 

the geology of the area to the north of Taupo (referenced in Carey & Grant, 1998). After the Second 

World War, the New Zealand government saw the strategic value of the centrally located TVZ 

geothermal resources and started an exploration programme, initially focused at Wairakei. By 1964, 

after the new Wairakei-geothermal stage-II hot-water flash plant had been commissioned, it became 

apparent that Wairakei could not be expanded for the time being. The Department of Scientific 

Investigation and Research (DSIR) and the Ministry of Works and Development (MWD) were allocated 

a budget to start investigating other geothermal systems for a second station, including 

Broadlands/Ohaaki, Rotokawa, Waiotapu, and Orakeikorako. The first well was drilled in 1965 (Martin, 

1998). By 1968, MWD decided Ohaaki was the most promising system with an estimated capacity of 

90 Mwe (unknown gross or net and for which timeframe; source: Martin, 1998). By 1970, 18 producing 

wells had been drilled, but at the time, the system was seen to be uneconomical by NZED. In the light 

of the Wairakei experiences and the finding of the Maui gas field (1969), NZED’s interest in geothermal 

power generation in general, and Ohaaki in particular, faded. In June 1971, the Ohaaki geothermal 

investigations were stopped by an interdepartmental committee, and the wells were closed. At that time, 

MWD estimated Ohaaki had a ‘proven’ resource of 100 MWe, with another 80 MWe additional potential 

(MWD, 1971 as referenced in Martin, 1998). 

 

In reality, the potential of the Ohaaki geothermal resource was viewed quite differently by the three main 

government players and at different time intervals: 

- The New Zealand Electricity Department (NZED), responsible for planning and running the 

major New Zealand power plants and transmission network, was quite sceptical. After the initial 

problems with Wairakei, they saw the potential of Ohaaki as risky and relatively small, 

 
42 The main marae near Broadlands is ‘Te Ohaaki o Ngatoroirangi’ or ‘the gift or legacy of Ngatoroirangi’. Ngati Tahu requested 

that the geothermal power station constructed on their lands be named ‘Oha(a)ki’ (Stokes, 2003). 
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especially compared to the large hydro stations they were planning to meet fast-rising demand 

in the 1960s. They saw anything less than 100-150 MWe as too small and cumbersome to 

support the rapidly rising electricity demand. 

- The Ministry of Works and Development (MWD) had been far more sanguine on the potential 

of the system on the back of an aggressive drilling campaign (23 wells drilled) and extensive 

well-testing programme.43 

- The Department of Scientific and Industrial Research (DSIR) put out different estimates with a 

wide range of the system potential, as knowledge of the system and modelling expertise 

developed. 

 

Only after the oil shocks of the 1970s and growing general awareness of the limits to the world’s 

resources - including the influential 1972 report by the Club of Rome The Limits to Growth (Meadows 

et al., 1972) - did the political drive to develop New Zealand’s geothermal resources resurface. The 

geothermal investigation and drilling programme - including Ohaaki - was restarted in July 1973. 

 

The two subsequent drought years of 1973 and 1974 reinforced the need to diversify the New Zealand 

power generation matrix away from its hydro domination. In 1974, the New Zealand Electricity Power 

Planning Committee recommended Ohaaki to be built at 150 MWe and producing by 1981 (first 50 

MWe; another 100 MWe a year later). Drilling re-commenced, and by 1976, a total of 33 wells had been 

drilled, and investigation drilling was considered complete at this time (Carey, 2013). 

 

Consenting 

On the basis of the previous exploration efforts and MWD’s (1977) pre-feasibility study, an application 

for water rights was made for a 150 MWe-net (165 MWe-gross) geothermal power plant to be operated 

for 20 years. The main water rights requested were for 103,200 tpd of fluid for 20 years (1978-1998). 

 

The application was supported by an Environmental Impact Report (NZED, 1977), which referred to the 

MWD Broadlands investigation report (MWD, 1977) but provided no details on the system potential and 

long-term sustainability of production from the Ohaaki system. The report included a preliminary plant 

design and estimates of water/steam take, reinjection, evaporation, etc., in order to assess (external) 

environmental impacts. The report was reviewed by a Commission for the Environment (CfE), which 

produced the Environmental Impact Audit (CfE, 1978) available for public comment on 13 December 

1977. The CfE heard and discussed submissions (CfE, 1978b) and published its positive 

recommendation for the Ohaaki development to proceed on 5 May 1978 (CfE, 1978).  

 

In March 1978, during the deliberations with the CfE, a two-stage development with an initial capacity 

of 80 MW was proposed “because of doubts about the yield of the field” (Martin, 1998, p. 264). On 28 

March 1978 – in a letter/addendum to the CfE - NZED confirmed its intention “to develop Broadlands in 

 
43 Due to experiences at Wairakei with enthalpy changes in failing wells, many wells were flow-tested for several years to see 

what would happen (personal communication, Paul Bixley, June 2020) 
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at least two stages. The first stage will be 80 MW to 90 MW (net), with a further development to 150 

MW (net) after several years operation has confirmed the potential of the field” (p.42). In effect, this 

would more or less be half the fluid take and many other of the design and emissions parameters at 

this first stage (e.g., only one cooling tower needed instead of two). However, the final consent and 

water rights were granted for the full 150 MW-net plant and 103.200 tpd geothermal fluid take. 

 

The 1977 Environmental Impact Report (NZED, 1977) and the subsequent 1978 Environmental Impact 

Audit (CfE, 1978) stressed that Ohaaki would put too much additional thermal loading and toxic 

substances in the Waikato River. The final water rights granted by the Waikato Valley Authority under 

the WSCA in 1978 (WR959 for 103,200 tpd) therefore prohibited wastewater discharge into the Waikato 

River, making reinjection necessary (Martin, 1998). This reflected growing environmental awareness in 

the period but focused on the external effects (not so much the longevity of the resource itself). 

Reinjection was also expected to resolve some of the subsidence concerns. Reinjection had been done 

in the USA and Japan, but not with such large volumes or conditions (Martin, 1998). Hence, a special, 

first-of-its-kind system of a natural cooling tower and full reinjection needed to be designed and tested 

for the Ohaaki project. This was to add additional technical uncertainty to the design process.  

 

Negotiations around land access and Māori rights (Ngati Tahu) were complicated and delayed a 

decision on the implementation of the project by several years.44 In October 1982, the Cabinet Works 

Committee gave their approval to start work on Ohaaki and the major contracts were put into place in 

the following month, with an expected completion date by the end of 1988 (Martin, 1998). The project 

was budgeted at NZD 230 million (1982-dollars). Several technical challenges were further addressed 

during the design stage, including reinjection, cooling tower, and subsidence issues. Also, during the 

design stage, in 1983, the decision was subsequently taken to use the left-over HP-turbines (11 Mwe-

gross each) from Wairakei and use them while excess pressure steam at Ohaaki lasted. They were 

expected to generate for the first 10 years of operation (Thain & Freeston, 1995). This brought the 

design capacity to around 118 Mwe-gross (109 Mwe-net) with an expected net generation of 860 GWh 

(AJHR,45 1984). This was to be close to the final design. 

  

In 1989, Ohaaki was finally commissioned (on budget, with around 6 months delay) as a 116 MWe-

gross (108 MWe-net) generation station, consisting of two 11 MWe-gross High Pressure (HP) turbines 

(ex-Wairakei) and two 47 MWe-gross Intermediate Pressure (IP) turbines (new from Mitsubishi). Table 

7 below gives an overview of the design and generation changes Ohaaki went through from 1977-1989. 

In 1992, its year of maximum generation, Ohaaki generated 867 GWh.

 
44 Martin (1998) describes the process in more detail, from as early as 1976. The western side of the system was Ngati Tahu’s 
ancestral land, with the planned power station side close to their principal Marae and the Ngawha Reserve. As the land was 

subdivided between more than 900 owners, first a Ngati Tahu Tribal Trust needed to be established and accepted in February 
1980. Government buying of the land was considered, as was exchange for other land parcels, but both were rejected, as the 
trustees and land-owners wanted to hold on to their homeland and their main Marae. In the end, a 50-year lease deal was signed 

in July 1982, with 2 rights for renewal for a similar period. Protection of the Marae, Ngawha and other sacred places were also 
included in the agreement. Ngati Tahu was also awarded a grant under the 1% clause of the Electricity Act to restore the Marae. 
45 Appendices to the Journals of the House of Representatives (AJHR) are summarised annual reports from the various 

government departments to parliament, including major decisions on the Ohaaki power plant. 
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Table 7 

Ohaaki Design and Built Generation and Fluid Flows over Different Stages of the Decision-making Process (Author, Based on Sources Listed)  

 

 

 

 

Broadlands 

Investigation Report 

(June 1977)

Ohaaki plant 
Max Ohaaki 

production

Optimistic scenario

Proposal along 

Prelim Design 

(NZED, Nov 1977)

Staged (1978) ~ 

half capacity first
AJHR-1982

AJHR-1983 

(build decision 

Oct 1982)

AJHR-1984 

(decision add 

2xHP, 1983)

AJHR-1985
Needed/modelled 

(Feb, 1989)

Commisssioned 

1988/9
1992

Generation capacity MWe (Gross) 165 165 85 118 116.2 116.2

Auxiliary power Gross-Net-% 10% 10% 8% 7.6% 7.6%

Generation capacity MWe (Net) 150 150 75 80 80 109 108 108

Capacity factor % 80% 80% 80% 85% 90% 92%

Expected annual 

generation
GWh pa (net) 1050 1050 560 600 860 867

Cost million NZD 113.8 230 built on budget

Commissioning date 

stated
1982-1983 1987/88

April-Dec 

1988
1988/89 1988-89-90 1988/89

tonnes/hr 1,485 743 794

kg/s 413 206 221 197

tonnes/hr 4200 4,190 2,095 2,299 2,299

kg/s 1,167 1,164 582 639 639

tpd 100,800 100,560 50,280 55,179 55,179 49,286 47,348

kt pa 36,000 36,704 18,352 20,141 20,141 17,989 17,282

Steam supply

Same amount of 

steam; excess 

pressure for HP-

turbines

Total fluid 

(water&steam) 

supply

O'Sullivan et.al. 

modelling (1989)
NZED annual reporting to Parliament

Source

Consenting process (Nov 1977-

May/Dec 78)



B) Resource assessments, models and assumptions used 

After more than a decade of drilling and testing 34 wells, the Broadlands Investigation Report (MWD, 

1977) summarised the exploration work undertaken until then. It was based on wells drilled prior to 

January 1977 (see Annex 1). It was well recognised that the Ohaaki system had restricted permeability, 

except near some formation contacts and fault zones, the limited size of the useful reservoir and well 

output was influenced by changes in discharge enthalpy, mass, pressure, and calcite deposits. Hence, 

extensive well-testing had been done in the period up to 1971 (MWD, 1977). This well-testing 

represented a total volume and energy production that would have been the equivalent of two years of 

full-scale production of the actual Ohaaki power plant (108 MWe-net; Carey, 2013).   

 

To cover some of the uncertainties, two main volumetric resource assessments were produced, 

supplemented by additional assessments (see below). 

 

I. Volumetric assessments 

The information given with the two volumetric assessment scenarios in MWD (1977) is incomplete, but 

two clearly different assessments are presented:  

- A more conservative scenario, resulting in a resource estimate of 100 MWe-gross over 30 years 

(3,000 MWe-yrs); 

- A more optimistic scenario depending on a wider area, deeper drilling and future technology 

improvements (e.g., rock fracturing), resulting in a resource estimate of around 160 MWe-gross 

for 50 years (8,000 MWe-yrs). 

 

As mentioned above, the section on reservoir potential in the MWD report (1977) does not include 

detailed assumptions, but the following assumptions can be deduced from the calculations assuming a 

standardised volumetric resource assessment approach (see Section 4.1). See also Annex 2 for a 

complete set of assumptions.  

 

The conservative estimate was based on the limited, known and well-drilled and tested area (Ohaaki, 

West Bank), limited exploitation depth (1.5 km), a productive well temperature of 270 °C and a reference 

well temperature of 180 °C. The average discharge enthalpy was estimated at 1390 kJ/kg and a 

presumed double-flash design at 7 bar and 1 bar, respectively. This was deemed a low estimate. Heat 

stored below the 1.5 km exploitation limit would contain many times the above estimate. Deep drilling 

and/or new developments such as rock fracturing could increase usable heat many times, and hence a 

further, higher estimate was made. 

 

Table 8 below gives an overview of assumptions and stored heat calculations between the conservative 

and optimistic estimates (see also Annex 2 and Section 4.2.2 for further comparison with other Ohaaki 

resource estimates over time). 
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Table 8 

Overview of Assumptions and Calculations for MWD (1977) Stored Heat Assessments (MWD, 1977; 

Author’s Calculations) 

Conservative estimate Optimistic estimate
Average Field Temp (

0
C) 270 270

Porosity (%) 15% 15%
Tref  (0C) 180 10
Average Enthalpy (kJ/kg) 1390 1390
Discharge enthalpy (kj/kg) 0 0
Heat capacity rock (kj/m3) 153,000 442,000
Heat capacity water (kJ/m3) 163,256 163,256
Total Heat capacity (kj/m

3
) 316,256 316,256

Hot reservoir volume (km
3
) 8 20

Total heat (PJ) 2,530 12,105
Recovery factor 25% 25%
Efficiency 12% 8%
Plant Life (Years) 30 50
Capacity factor 0.8 0.95
MW (gross) 100 182
MW-yr 3,009 8,081
MW-yr (MWD-1977) 3,000 8,000  

The more optimistic scenario was based on a larger area and assumed that additional heat stored 

deeper (below 1.5 km) could potentially be tapped in the future if more advanced techniques would 

become more feasible (including deeper drilling and rock fracturing). With an area of 10 km2, the 

exploitable volume was estimated at 20 km3. The same well temperature was used, but the reference 

‘zero energy content’ (@ 10 °C) also leads to a significantly higher fraction of usable heat (T = 260 °C 

vs 90 °C).  

 

The ‘reservoir potential’ section is not clear on whether the two calculated resource estimates are for 

gross or net generation, but a further section on expected generation and costs discusses auxiliary 

power requirements of 8-10% and a conservative capacity factor of 80%. This implies that the gross 

numbers were calculated above. This would lead to net estimates of around 90 to 150 MWe-net. 

 

It is noteworthy that the estimated auxiliary power for Ohaaki was considerably higher than for Wairakei 

(at an average of 2%) as the higher gas content, cooling tower(s), reinjection, remote control operation, 

etc. were expected to increase auxiliary power requirements for Ohaaki.  

 

In conclusion, the MWD (1977) report recommended capacity is for around 150 MWe-net for 30 – 50 

years46 (MWD, 1977, p. 90) based on the above assumptions. The MWD-report (1977) also includes a 

first cost estimate assessing the investment and operation as economically feasible in comparison to 

 
46 Note that this is equal to what was listed in the 1976 NZED Power Planning Report: 150 MWe total; first commissioning of 50 

MWe in April 1982; two remaining units to be commissioned one year later (MWD, 1977). 
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the costs for alternative thermal generation. The total future investment was estimated at NZD 113.8 

million (1976-prices):  

- NZD 74.2 million for civil engineering, additional 4-6 production wells, field development, 

buildings, etc.47 

- NZD 39.6 million for turbines, the electrical plant, and ancillary equipment. 

 

At 165 MWe-gross, this would mean an investment of NZD 690/kWe. With an ‘Operational Plant Factor’ 

(Capacity Factor) similar to Wairakei (89-90%) and annual charges of 14.75% (10.75% capital charges; 

4% operating charges), this would result in generation costs of around NZD 1.3 cts/kWh. At annual 

charges of 16%, this would result in NZD 1.4 cts/kWh. Both were deemed to compare favourably to the 

expected costs for alternative thermal generation (around NZD 2.2 cts/kWh gross at the time, based on 

gas or coal-fired generations).  

 

II. Other resource assessments 

Many other resource assessments were produced in that period, and many were referred to in the MWD 

(1977) report to corroborate resource estimates. The most important assessments were based on 

lumped parameter models and pressure run-down projections produced by DSIR (Grant, 1974-1977).48 

Additional discussion in these and MWD (1977) underlines the agreement that the main Ohaaki 

production area was small (3-4 km2), and extensive well testing revealed that pressure drop and system 

rundown could be significant.  

 

Extensive well discharging revealed run-down percentages of 14% p.a. at around 60 MWe equivalent 

production levels. For the 90 – 150 MWe production levels envisioned, that run-down level was likely to 

be exceeded, and an estimated three new wells p.a. would be needed to maintain such an output. On 

the other hand, the reasoning was that the run-down might be higher at the start of production (field de-

gassing), and there were some indications that the ‘best’ high-power wells were running down faster, 

while the ‘moderate producers’, tapping moderately permeable areas, seemed to be more reliable 

producers long-term. 

 

Grant (1977b) summarises many of the other previous resource assessments. These assessments 

were largely built on a lumped parameter model (developed in Grant, 1975-76) that supports the roughly 

100 MWe conservative estimate of the Ohaaki system. However, additional production capacity was 

expected to be available from the East Bank: an estimated 25 MWe.  

 

The model was matched to almost two years of full-scale well test/production data and showed a good 

match to pressure history and a reasonable match to CO2-content but not a very good match to 

production enthalpy data. The field model requires a specification of mass discharge; the model then 

determines the enthalpy and gas content of this discharge at different pressures (for HP, IP, and/or LP) 

 
47 Note it seems the cost for the previous (34) wells was not included in the calculations, but regarded as ‘sunk cost’.  
48 Especially. DSIR- AMD Geothermal Circulars 1-7; summarized in Grant, 1976 and Grant, 1977. 
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for delivery to the different flash units. After allowing for a transmission pressure drop (over flash units) 

of 1.4-1.7 bar, these should provide sufficient pressure to run the (HP & IP) turbines. Over time, 

pressures and flows drop, but enthalpies in the model initially rise (compensating partly for the drop in 

pressure), but after five-ten years of simulated production, these enthalpies also start dropping. System 

lifetime is either decided by system temperature (T drop below 200 °C)49 or by the number of new wells 

calculated to be needed to supply the needed mass discharge to the flash units and turbines (more 

than 50-60 production wells is presumed to be too costly, according to Grant, 1977).  

 

Five scenarios or sizes are considered in Grant (1977b) for 50-150 MWe (25 MWe intervals), assuming 

a two-stage flash system for turbines at 3.5 bg and 13.8 bg. Six two-stage flash systems with different 

turbine inlet pressures are simulated from 50 to 150 MW at 25 MW intervals (i.e., five station sizes). 

150 MW is concluded to be too large; 125 MW will run for 25 years in two pressure simulations (the aim 

was for 30 years), and 50, 75 and 100 MWe. Up to a maximum of 100 Mwe, this works well, but an 

estimated 50 new wells would be needed between 1981 and 2005 to maintain production (for 24 years), 

which was deemed to be too many. The suggested station is a bit smaller: 80-90 MWe. It is unclear 

whether this is net or gross production.  

 

Grant (1977) also makes the first mention of using the spare ex-Wairakei HP-turbines to top up 

production while initial pressures are high. The total steam/fluid take barely changes (as the HP-exhaust 

steam at 3.5 bar would be fed into the LP-turbines), but as pressures drop, the HP-turbines will become 

less productive. Therefore, the HP-turbines were not expected to either need more fluid take or run for 

the full (20-30 year) life of the plant and IP-turbines. The HP-turbines were expected to take some of 

the initial excess high-pressure steam (at 12.5 bar+) ‘exhaust’ at 3.5 bar to combine with the other 

intermediate-pressure steam for the IP-turbines. In different simulations, the HP-turbines would last 

about ten years, assuming 90 MWe IP/LP turbines for 30 years’ project life (Grant, 1977b). Depending 

on the successful drilling of new high-pressure steam wells, the HP-turbines were therefore expected 

to run for a maximum of six-ten years (also in: Thain & Freeston, 1995).  Note that by the time that the 

Ohaaki plant was finally commissioned in 1988/89, the water rights for the total Ohaaki plant had only 

another ten years to run anyway. After full-scale production started, the HP-turbines ran at full capacity 

until 1993, after which time production started dropping (no new high-pressure wells were drilled until 

1995-6– see under C). 

 

III. Plant design and capacity changes 

The MWD (1977) report makes the recommendation to aim for an installed capacity of a maximum of 

150 MWe-net for 30-50 years. The corresponding preliminary power plant design for the 150 MWe-net 

(165 MWe-gross) power plant was presented in NZED (1977) as in Figure 15 below.  

 

 

 

 
49 This corresponds to 17 bars or 8 bar Well Head Pressure and 9 bars to push the fluid up the bore (see Grant, 1976) 
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Figure 15 

Ohaaki Preliminary Plant Design (NZED, 1977) 

 

The required 4,190 tonnes per hour (tph, equal to 100,560 tonnes per day -tpd) of geothermal fluid to 

run the dual-flash IP/LP turbines would be within the 103,200 tpd water rights requested.  

 

In subsequent years, after the water rights were awarded, the Ohaaki power station was further studied 

and designed. Due to technical issues and discussions around land-ownership and Māori rights, the 

build decision was changed and postponed several times (see Section A).  

 

In October 1982, the Cabinet Works Committee gave the green light to build the Ohaaki power station, 

and the NZED 1982 annual report to Parliament (AJHR-1982) lists Ohaaki as having 560 GWh-net 

annual generations (80 MWe-net at 80% CF) to be commissioned by 1985. However, in AJHR (1983), 

this output was upgraded to 600 GWh-net (around 80 MWe-net at 90% CF).  

 

New wells were drilled in 1983/84, four of which proved to be good producing wells (see Annex 1). 

Together with the detailed design process and the availability of the spare Wairakei HP-turbines, this 

led to an upgrading of the Ohaaki capacity, including two 11 MWe-gross HP-turbines. In AJHR (1984), 

Ohaaki is listed as 860 GWh-net (~109 MWe-net at 90% CF, 118 MWe-gross) to be commissioned by 

1987.  

 

AJHR (1984) does not list how long the HP-turbines were expected to last, but they had been expected 

to be economical (at estimated costs at the time) if used for ten years. However, Malcolmson (1989) 

describes:  
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Electricorp will never build another Ohaaki! …. The economic benefits of the two-pressure 

system adopted at Ohaaki will depend on the rate of decline of HP steam pressure. However, 

the costs involved, particularly the costs of refurbishing the HP sets ex Wairakei to satisfy 

statutory requirements were significantly higher than the estimates on which the original 

decision was based. (p.1) 

 

This final capacity estimate (AJHR, 1984) turned out to be very close to what was ultimately 

commissioned – after some further delays - in 1989 (Contact-SMP, 2013): 

- 2 * HP backpressure turbines (TG-5 & 6 – refurbished ex-Wairakei), each rated at 11.2 MW-

gross at 12.5 barg inlet steam pressure; 

- 2 * IP condensing steam turbines, TG-1 & 2, each rated at 47 MW at 3.5 barg inlet steam 

pressures; 

- A total of five flash plants to produce steam at HP and IP conditions; 

- Pumped reinjection to the field perimeter to dispose of 100% of the separated geothermal water 

(SGW) and condensate (minus losses and evaporation, and some delivery of SGW to the 

Ohaaki Ngawha and a lucerne and wood drying plant).  

 

Table 7 presents an overview of changes in the various design parameters, expected output, and 

resource assessment changes for the Ohaaki geothermal plant over this period. 

 

IV. Numerical reservoir modelling (Blakeley and O’Sullivan, 1986-1990) 

Numerical reservoir modelling was started in 1983 by Blakeley and O’Sullivan for academic interest 

purposes, using gradually larger models and results more accurately matching natural and production 

histories (O’Sullivan et al., 1983). Several scenarios were run with the various models, but these studies 

did not play a role in the sizing, resource assessment, or decision-making processes (personal 

communication, Mike O’Sullivan, February 2020). Over the main period of design and build decision-

making (1970s and 1980s), numerical reservoir modelling was still in its infancy, and the resource 

assessments for Ohaaki was mainly done on the basis of the earlier mentioned lumped parameter 

models, volumetric assessments, and a long history of well testing and well-decline analysis. 

 

When NZED/Electricorp started commissioning Ohaaki reservoir models in 1986 (O’Sullivan & Blakeley, 

1986), the main Ohaaki design, investment and build decisions had already been made, and building 

was well under way. The initially requested models were more meant to test assumptions and 

investigate the usefulness of numerical reservoir modelling for future use in operations, etc. By 1988, 

the first operational scenarios were tested with these numerical reservoir models (O’Sullivan & Blakeley, 

1988).  Most of these scenarios assumed no new wells, and the aim was to ascertain how long full 

production could be maintained with minimum investment. This was obviously in marked contrast to the 

expected three wells p.a. needed to maintain full production as part of the MWD (1977) resource 

assessments. 
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C) Real operations 1989-1998 

Full-scale production started in 1989 and continued at full capacity until 1993 by using the existing four 

years’ worth of excess well capacity, after which power production started to decline at an average of 

around 13.5% p.a. from July 1993 to the end of 1995 (Contact-AR, 1995). The HP production in 

particular started to diminish at a 13-14% p.a. rate, while the IP steam production remained stable for 

longer. Such well-decline rates had been expected, but instead of drilling the planned three make-up 

wells p.a., no new production wells were drilled until 1995 (an injection well BR-41 was drilled in 1993 

– see Annex 1). It is likely that the gradual corporatisation and privatisation of the New Zealand 

electricity sector from 1987 onwards and the review and subsequent introduction of the new Resource 

Management Act in 1991 increased uncertainty, depressed electricity prices and investment incentives. 

This ultimately restrained investment for new wells at Ohaaki during its first eight years of operation 

(see also: Malcolmson, 1989). 

 

Also, in those first years of operation, a lot of learning and optimisation was done, especially in the area 

of reinjection strategies, as the reinjection of such large amounts of silica and calcite-rich fluids had not 

been done anywhere around the world before. Tracer testing showed some of the reinjection wells 

resulted in very fast returns of cold fluids, and hence reinjection had to be altered. Some wells also 

suffered from mineral deposition/reduced permeability and cold-water inflow (Contact-SMP, 1998). 

 

With the (HP) steam production declining after 1994, output was optimised for the performance of the 

wells available by gradually reducing the HP’s pressure and derating some of the HP- to IP-wells. Well 

cleanouts and workovers were also undertaken to remove calcite, including acid treatment, and casing 

repairs were done to improve well performance. Table 9 below gives a good overview of declining 

production. 

 

Seven wells were closed or abandoned for various reasons (Contact-SMP, 1998)). The majority of the 

existing production wells were from a relatively shallow intermediate reservoir situated at 400-1,000 

metres depth (especially on the West Bank), some of which were affected by shallow, cold water inflow. 

In 1993, a scientific evaluation of deeper heat reserves at Ohaaki was initiated (Thain&Freeston, 1995): 

“Reservoir assessments suggest that the bulk of the stored heat in the reservoir exists at below 2500 

m depth where fluid temperatures of 270 to 310°C exist. Exploratory drilling to tap this deep resource 

is to be carried out in 1994/95” (p.286). 
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Table 9 

Overview Ohaaki Production 1988-1999 (Author; Contact-SMP, 1998; Contact-AR 2018). 

 

 

In 1995, a deep drilling campaign was initiated. The main aim was to find fractured zones within the 

greywacke basement underlying the system. Three new wells were drilled to 2,500 m (BR-47, 48 and 

49), as well as deepening two existing wells, BR-15 and BR-42 (see Annex 1). The drilling campaign 

had limited success with plenty of high temperatures (290-300 °C) encountered but limited permeability 

at depth. However, new permeable zones were found at medium-depth (1,200 – 2,000 m) in the volcanic 

formations below the existing production, near the greywacke basement (Contact-SMP, 1998)). BR-15 

was the most successful well, and in the end, three wells were connected to the power plant, with 

additional steam at a combined output of around 15 MWe (Thain & Dunstall, 2000). These new wells 

reduced the decline in Ohaaki production but did not halt it. By 1998, one of the IP-turbines was 

mothballed (see Table 9 above). The outlook in 1997 was for a further decline in production (see also 

Contact-AR, 1997). 

 

In 1996, Ohaaki was sold to Contact Energy as part of the liberalisation and privatisation programme 

for the whole electricity sector. The overall privatisation programme and the start of the New Zealand 

Electricity Market (NZEM) in 1996 had a major effect on power prices and uncertainty in the market, 

suppressing power prices and investment in Ohaaki. In the meantime, Ohaaki’s water rights were 

coming to an end by October 1998, and the process for re-consenting needed to be started (see 4.2.3.). 

The new deep well information and temperature profiles led to a re-evaluation of the reservoir, which 

formed the basis for a new numerical reservoir model used in the next re-consenting round in 

1997/1998.  
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4.1.3 Reconsenting 1997/98 and operation to 2012 

At the time of the creation of Contact Energy in 1996, the analysis was made that “Contact currently 

has some of the oldest and least efficient thermal plants in New Zealand. The company’s goal is to 

transform the portfolio so that we become New Zealand’s lowest cost thermal generator of electricity” 

(Contact-ARS, 1996). One of the main strategies was to extend the life of existing power plants because 

several of Contact Energy’s plants were deemed to be near the end of their design lives, but “offer very 

attractive returns for modest reinvestment” (Contact-ARS, 1996, p.9). 

 

Ohaaki was one of these existing assets. In general, the privatisation of the New Zealand electricity 

market was contributing to low power prices and few incentives for big new generation investments. For 

Ohaaki, after years of declining production, Contact was considering investing in new wells again to 

maintain or increase production. The 1995/6 drilling campaign resulted in wells with high temperatures 

(but limited permeability). The new well and temperature profiles led to a re-evaluation of the Ohaaki 

conceptual and numerical reservoir model, which formed the basis for the re-consenting of Ohaaki in 

1997-98. 

 

A) Consenting process 1997-98 

The original 1978 water rights were due to expire on 31 October 1998, and Contact Energy started its 

preparations for the re-consent two years before this (June 1996) by creating a project group. Previous 

production data and the new information from the 1995-96 drilling programme were to be the basis for 

the new application. Contact was focusing on applying for the main water take and discharge consents 

for 25 to 30 years, looking at around 80 MWe-gross operation (for 60,000 tpd, 80 TJ per day of energy), 

as opposed to 116 MWe-gross capacity installed. Air discharge consents had already been applied for. 

Contact was aiming to get both water and air discharge consents ‘synchronised’ for a similar period. 

 

In the preliminary discussions with Environment Waikato (EW, now Waikato Regional Council, WRC), 

the regulator was largely focused on the future of the geothermal wells. “EW does not want the liability 

of the wells, say if the operation closed down, and would be looking to place some sort of bond on the 

operation to cover issues with the effective long-term management of the wells in the future” (in: Daysh, 

1997, p.2). Hence, in the deliberations and final consent, the costs of well abandonment were 

discussed, and a bond system was introduced. The meeting notes also mention that the application 

would likely be based on 80 MWe (gross) capacity instead of the installed 116 MWe (gross).  

 

Contact’s application for 25 years of water take and discharge consents was lodged with WRC on 24 

April 1998. It was publicly notified in the Taupo Times on 8 May 1998, with the closing date for 

submissions on June 1st 1998. A series of hearings was held from 31 August to 3 September 1998. The 

hearing was adjourned on 3 September for a period of 4 weeks following a request from the Tahorakuri 

338 Trust for the Committee to seek legal advice. In the end, the hearing was closed on October 2nd  

1998. The process raised several issues, including uncertainty around subsidence and resource 

availability, as well as land ownership and Māori issues.  
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Sustainability and resource uncertainty were briefly discussed in the application and evidence, and 

reference was made to the two modelling scenarios generated (see below under B), but most of the 

discussion during the hearings was around the subsidence and related uncertainty going forward.  

 

After hearing all sides, the final hearing report and decision to grant the application was released on 17 

November 1998. The consent was granted for the requested 60,000 tpd take and discharge of water, 

but for a more limited period of 15 instead of 25 years, especially in light of the subsidence issues and 

the uncertainties involved. 

 

The decision was appealed against by two parties: Mr Reihana (but his was struck out on 8 March 1999 

on the grounds that he was not eligible to make an appeal, not being an original submitter) and by 

Contact Energy, who were seeking a longer consent duration. Contact Energy withdrew their appeal. 

The consents were issued on 8 April 1999 and expired on 31 October 2013 (source: Luketina, 2000). 

 

The RMA and the new Ohaaki consent introduced more detailed reporting requirements, including: 

- Five-yearly System Management Plans (SMP) using new data and information to provide 

conceptual scenarios for the geothermal system over the next five-ten years. 

- Quarterly well production data. 

- Also, the public nature of these annual reports was confirmed. Annual Reports have been 

produced at least since 1994 and have steadily grown in length and details, e.g., from 30 pages 

in 1994 to 137 pages in 2017. 

- A peer review panel was also introduced, consisting of experts in their field that were to review 

and comment on annual reports and SMPs and request additional information where required. 

 

B) Resource assessment, models and assumptions used 

The April 1998 consent application included a “Resource Sustainability and Subsidence” chapter, as 

well as a system management plan ((Contact-SMP, 1998)). These referred to the UoA 1997 Modelling 

Reports (O’Sullivan & Newson, 1997; see below) but did not include any of the modelling details. The 

application mentions two scenarios:  

1) No additional well drilling is undertaken, and the energy output from the field declines.  

2) Deeper wells are added to maintain the steam output from the field at about 175 kg/second 

(to generate ~ 80 MWe). The second option of deeper wells being added to make up for 

production decline is a robust scenario (Contact, 1998, p.31). 

 

The 1998 System Management Plan (Contact-SMP, 1998) mentions a five- to 25-year production 

strategy: drill deeper make-up wells similar to deep wells drilled in 1995, targeting about 70-80 MWe 

generation, subject to funding availability. The 1998-SMP itself presents no prediction for the coming 

five years (as is common with most SMPs), but the 1997 Annual Report indicated an expectation of 

declining production from 1998-2004 - without new wells being drilled - down to 40 MWe. This was most 

likely in the light of the privatisation of the NZ Electricity Market and falling power prices. 
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The 1998 SMP also mentions plans for regular well workovers to be undertaken to clean out calcium 

carbonate deposits from wells suffering from blockages and reduced production and for inhibitor 

systems to be used where cost-effective. No mention is made of how to use the IP and HP-turbines or 

at what pressures steam would be expected to be available. At the time, two HP and one IP-turbine 

were in operation, generating around 58 MWe (see Annex 4). The reinjection strategy was aimed at 

minimising returns of injected fluid to the production area (Contact-SMP, 1998), but there are no details 

on amounts or percentages of fluid or heat to be reinjected. Subsidence surveys were to be 

implemented on a 3-4-yearly cycle. 

 

December 1997 numerical reservoir model (version 105) 

The December 1997 UoA Modelling Report (O’Sullivan & Newson, 1997) discussed a numerical 

reservoir model (version 105), using historical and production data until the end of 1996. The model 

had 2048 blocks and was deemed a ‘moderate fit’ to natural state temperatures, pressures, enthalpy, 

and CO2. 

 

By 1996, production was still declining, but at a slower rate (8-9 MWe p.a. reduction instead of 11-14 

MWe p.a.). The newly drilled wells were just being connected. Two production scenarios were modelled 

from 1997 onwards (including changes e.g., the start of production well BR48 in December). In both 

scenarios, reinjection is set as a fixed fraction (one third) of production. The scenarios vary:  

1) Only consider the existing wells until 2035. Steam flow was modelled to drop from 173 kg/s (~80 

MWe-gross at 90% CF) in 1996 to 135 kg/s in 2012/13 to 125 kg/s in 2035 (~45 MWe-gross).  

2) Add six new make-up wells as the total steam flow drops below 175 kg/s (~ 80 MWe-gross). In this 

scenario, the last, sixth well starts production in 2013 and thereafter (after 2014), steam production 

starts dropping below 175 kg/s to 151 kg/s by 2035 (~70 MWe-gross). Additional observations from 

this modelling scenario are: 

- Total mass flow (steam + brine) rises from 523 kg/s in 1996 to 592 kg/s in 2035; 

- System enthalpy just below 1400 kJ/kg until 2002, then decreases to 1180 kJ/kg in 2035; 

- Model reservoir pressures decrease by 11 bar (at 950 m, BR-20 feed block); 

- Reservoir temperatures: West Bank shows stronger cooling than East Bank. 

 

Resource assessment 

With the above consented 60,000 tpd of fluid, Contact was deemed to have demonstrated a resource 

potential for Ohaaki of 70- 80 MWe-net for 15 years (1998-2012), depending on funding for make-up 

drilling (E1F1G1+G2/G3 Commercial Projects). The remaining resource would be a potential additional 

65 MWe (net) for another 23 years (2013-2035), depending on further consenting and commercial 

decisions. Under the UNFC resource classification framework, this would be seen as a separate 

project/decision. 
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C) Real operations 1998-2012 

In reality, the 1998-2012 operations developed quite differently than planned and can most clearly be 

described in ~5-year stages, coinciding with updated modelling and SMPs. 

 

1998-2004/5 

The five new wells drilled in 1995 proved to perform better than expected, but production from Ohaaki 

still continued to drop to around 40 MWe-net by 2001. No new wells were drilled during 1996-2002 as 

low power prices continued. In 2003 BR-50 was drilled, an unsuccessful well, which collapsed and was 

cemented up (see Annex 1). 

 

In 2001-2002, an updated SMP (Contact-SMP, 2002) was produced, based on an updated numerical 

reservoir model, with the same general model (2048 blocks) but new information from the drilling 

campaign and additional production history. The model fit was still ‘moderate’. Two very similar 

scenarios were run as those run in 1997/8 until 2035. The conclusions were similar, but concluded that 

in reality, the reservoir had underperformed, compared to the 1997 modelling:  

By way of comparison, the steam available in July 2001 is about 310 t/hr under what has 

essentially been a no drilling scenario. It is apparent that the model is over-optimistically 

predicting the performance of the Ohaaki resource, providing an opportunity to further refine 

the model seeking to improve its performance. (Contact-SMP, 2002, p.36) 

 

Power prices were still low, and fewer wells were planned. Longer-term, the production strategy was 

still the same (to drill deeper wells seeking production up to a maximum of 70 to 80 MWe-net), but “the 

likely production level in the planning horizon out to 2004 is up to about 50 MWe gross. Wells will be 

drilled seeking to achieve this level of production subject to availability of funding” (Contact-SMP, 2002, 

p.37). A new modelling review and SMP were planned for 2004 but postponed to 2006-8.  

 

In 2003, one well was drilled (unsuccessful and cemented – see Annex 1), and production continued to 

drop to around 35 MWe-net average in 2004/5.  

 

2004-2008 

As power prices were rising towards the second half of the 2000s, an extensive drilling campaign was 

started in 2005-2007, with many successful production wells (see Figure 16 and Annex 1). The 

generation rose to 70 Mwe-net average in 2008, and the new data was the basis for the next SMP and 

numerical reservoir model. 
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Figure 16 

Ohaaki Wells Drilled 1964-2013 (Data: Contact-AR 1996-2013) 

 

 
The new wells and resulting data culminated in a new numerical reservoir model in December 2006 (a 

major upgrade to 7,074 blocks, including well data until BR-53 from 2006, and production data to the 

end of 2004). The 2008-SMP was based on this 2006 model and described a medium-term production 

strategy to produce around 70 Mwe gross (~ 65 MWe net). Three forward production scenarios were 

modelled from 2005 to 2040: 

- Scenario-1 adding 15 wells and resulting in an expected production of 520 GWh p.a. (~ 70 

MWe-net). 

- Scenario-2 adding 12 wells. 

- Scenario-3 assuming no drilling between 2006 and 2040 and resulting in an expected falling 

production to 300 GWh p.a. (~ 40 MWe-net). 

 

The new model (2006 model; production data up to 2004) was seen as a good fit, but the SMP-2008 

recognises that the operational experience since the 2006-model would suggest that the model is 

“somewhat optimistic in its predictions” (p.36). The actual production had followed Scenario-3, despite 

drilling nine new wells. Production enthalpy changes did follow modelling predictions, implying that the 

issues have been in pressures and volume changes. 

 

Reality 2006-2012 

The reality since the 2006-modelling has shown that generation briefly peaked at 70 MWe-net in 2008, 

but has further declined to 43 MWe in 2011/12 (see Table 10); effectively following the mass extraction 

and production enthalpy changes as described in Scenario-3, despite nine new production wells being 

drilled in 2005-2007, and two further production wells being drilled in 2009. No wells were drilled in 

2010-2012. 

 

All-in-all, concluding from 15 years of production, four SMPs and three model updates, the following 

can be concluded:  

- From the 1997 re-consenting process onwards, numerical reservoir models are starting to play 

a bigger role in decision-making, although their limited ‘fit’ and coarse structure made them less 

reliable up to the mid-2000s (personal communication, O’Sullivan, 2019). 
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- The 1997-2006 models were consistently too optimistic (less production and faster pressure 

declines), and market/economic circumstances less favourable, leading to fewer wells being 

drilled.  However, O'Sullivan et al. (2015)’s review of Wairakei and Ohaaki models from that 

period states that the Ohaaki-2005 model was more conservative than the final outcome up to 

2013.  

- The East Bank 1995/6-wells were good producers after all, while other wells kept declining but 

took their high enthalpy fluid from an intermediate depth above the greywacke, rather than the 

targeted but impermeable greywacke. 

- There is much geothermal heat stored in the greywacke layers deep under the East Bank, but 

with little permeability. With improved technology (affordable EGS), these might become 

feasible in the medium to long-term future. 

- Most new production wells are from the deep West Bank now (with good temperatures and 

medium permeability). 

 

Table 10 

Overview Ohaaki Production 1998-2013 (Author; Contact AR-1998-2013). 

 

4.1.4 Re-consenting 2013 and beyond 

When Contact Energy started the re-consenting process in 2011-2013, a combination of the 2007/8 

Global Financial Crisis and demand management efforts had resulted in a flattening of electricity 

demand growth below expectations and an overhang of surplus capacity in the NZEM. Power prices 

were largely flat to declining over the 2010s (see Figure 17 below), resulting in few incentives for building 
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new power plants. On the other hand, Contact had just committed to building the Te Mihi power station 

(consented in 2008), which was built between 2011-2014. The Tauhara-II system had also just been 

consented to, but the build decision had not been taken yet. The careful management of existing assets 

was a priority. 

 

Figure 17 

1996-2018 inflation-adjusted NZEM wholesale Contract Prices vs Cost of Building new Power Plants 

in real 2018-NZc/kWh (NZ-Government, 2018) 

 

 

Another important development was the introduction of the NZ Emissions Trading Scheme (ETS) in 

2008, which required owners of energy installations in New Zealand to surrender emissions credits for 

their GHG emissions in New Zealand. Ohaaki has a relatively high level of GHG-emissions for an NZ 

geothermal plant (mainly CO2, but also CH4). Although carbon prices had collapsed from around NZD 

20/tonne in 2010-2011 to less than NZD 5/tonne in 2012-2013, this formed a relative damper on the 

attractiveness of Ohaaki, compared to Wairakei, Te Mihi, and Tauhara, with much lower emissions. 

Carbon prices recovered again after 2015-2016 and are now close to NZD 28/tonne. In line with this, 

Contact launched a Green Borrowing Programme in July 2017 to support its past and future renewable 

energy generation initiatives, certified by Climate Bonds Initiative (CBI, 2017). This programme was a 

first-of-its-kind in New Zealand (and the world) but excluded Ohaaki’s generation due to its high CO2 

content. The CBI standard excludes renewable plants with emissions higher than 100 g CO2 eq/kWh. 

Contact Energy reported 385 g CO2 eq/kWh for Ohaaki in its 2018 Annual Report, though there has 

been a downward trend in emissions. 

 

A very recent development is the partnership between Contact-Ohaaki, Ngati Tahu Tribal Lands Trust, 

and the company GEO-40 to extract silica from the geothermal fluids.  
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Once extracted, the silica will be sold to manufacturers for use in everyday consumer goods, 

such as paint, providing an environmentally sound source of silica that would otherwise require 

amounts of carbon-intensive energy to make. The operational benefits [for Contact] are 

significant. Silica builds up in the geothermal pipes over time, and removing the silica 

significantly reduces equipment maintenance costs and increases the overall lifespan of the 

plant. Removing silica also allows the plant to extract more heat from the geothermal fluid, 

making it more efficient to run. (Scoop, 2018, p.1) 

 

Since October 2017, Contact and Geo40 have been running a pilot project to test the silica extraction 

technology with the fluids from Contact’s Ohaaki plant, which was upscaled in 2018 to a commercial 

demonstration plant extracting approximately 850 tonnes of geothermal fluid per day to produce 460 

tonnes of liquid colloidal silica per annum. The next stage includes plans to process 6,000 tonnes of 

fluid per day50 and stage three will aim for 7,000 tonnes. 

 

A) Consenting process 2012-13 

In the 1998 consenting process, the uncertainty around subsidence and its impacts on the environment 

and communities had been a major issue in the deliberations and one of the main reasons for a 

shortened consenting timeframe granted (15 years awarded, rather than 25 years applied for). Hence, 

for the 2013 reconsenting process, the consultation process and preparations for the Assessment of 

Environmental Effects (AEE) started two years ahead of time in 2011 (Kortright, 2015). The AEE also 

included a new numerical reservoir model, resource assessment, and SMP. 

 

Due to the 1998 experience, community consultation and engagement was also increased. “Community 

engagement plans were completed this year for our generation operations in Ohaaki ……We also 

opened the Ohaaki wetland, a two-year project managed by Fish & Game NZ that has transformed 

previously unused land impacted by subsidence into a useful natural resource” (Contact-ARS, 2013, p. 

52). The Contact-ARS (2014) mentions this included the signing in 2013 of the Ohaaki Mitigation 

Agreement with Ngati Tahu “as the culmination of 17 years of discussion on the problems of subsidence, 

flooding and its impact on the Ngāti Tahu people, their culture and their taonga (tribal resources). The 

agreement is for 35 years, coinciding with the resource consent” (Contact-ARS, 2014, p.9). 

 

The new consent request foresaw a reduction of fluid take from the existing consented max of 60,000 

tpd down to 40,000 tpd and a corresponding reduction of all correlated takes and discharges (cooling 

water, NCGs, etc.). The period sought was for 35 years, until 2048. The consent request would also 

significantly reduce the volume of geothermal water to be discharged to the Waikato River, increasing 

the percentage of reinjection (SKM-Contact, 2013). The consents were awarded on 24 October 2013 

for the requested volumes and the 35-year period requested. 

 
50 For comparison: reinjection of Separated Geothermal Water is around 14,000 tpd 2014-2016. 
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B) Resource assessment, models and assumptions used 

The 2012/2013 numerical reservoir model developed by O’Sullivan and Clearwater (2013) was the main 

basis for the resource assessment and sustainability analysis, as well as the further modelling of 

subsidence expectations. The model fit was deemed ‘good’ in terms of a match to natural state 

temperature, pressures, enthalpy, and CO2. It was used to explore various scenarios up to 2048 (end 

of requested 35-year consent) and 2060 (to explore further processes).  

 

Model description 

The 2012 model covers an area of 16 x 15 km and consists of 992 columns and 23 layers, resulting in 

a total of 22,816 blocks. The model extends to a depth of -2700 mRL, while the top of the model is fixed 

at the level of the groundwater-surface (total ~648 km3). The hot area for resource assessment (stored 

heat) was considerably smaller: 10.6 km2 from -350 to -1825 (15.7 km3).  

 

Heat is introduced to the base of the model by way of 69 kg/sec of mass input at an enthalpy of 1430 

kJ/kg in the central blocks of the model and also as a conductive heat flow of up to 120 mW/m2 in the 

outer regions of the base of the model; a total of 119 MWth (O’Sullivan & Clearwater, 2013). The model 

was updated using the results of the drilling work up to and including BR65 (2009) and production data 

through to the end of March 2012.  

Table 11 

Grid Location of Modelled Make-up Wells (O'Sullivan 

& Clearwater, 2013)51 

For the production history modelling, individual well performance is 

known. However, for future scenarios, individual well performance 

had to be estimated with estimated enthalpy values ranging from 

840 – 2000 kJ/kg and corresponding well head pressures. The 

numerical reservoir simulator uses a well deliverability model to 

calculate the well’s output based on reservoir pressure and 

enthalpy. The minimum useful enthalpy of production wells was 

specified at 840 kJ/kg, below which wells cease production.  

 

Future production is expected to focus on the deep reservoir on the 

West Bank, with a lesser focus on the intermediate reservoir on the 

East Bank. Contact specified the location of production and make-

up wells with a maximum of 20 over the consenting period until 

2048. 16 of these would be located on the West Bank and a further 

four on the East Bank (see Table 11).   

 

 
51 W = West Bank, E = East Bank; MKW = Make-up Well 
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The reinjection locations were also specified, based on the proposed discharge strategy: reinjection 

was assumed to continue to occur in the same locations it had been and at similar proportions of the 

total available flow. Each of the reinjection wells is allocated a set fraction of the remaining reinjection 

(accounting for fixed ‘losses’ to the Ohaaki Ngawha and the timber drying plant), and the mass flow for 

condensate reinjection is a constant proportion (30%) of the steam production.  

 

Scenarios modelled 

Table 12 

Summary 2012 Model Scenarios (O’Sullivan & 

Clearwater, 2013) 

Contact proposed several preliminary 

scenarios, including variations in the 

following parameters: 

• Varying the total mass take ranging from 

25,000 – 60,000 t/day. 

• Shut-down scenarios to assist in 

identifying the environmental baseline. 

• Modified injection schemes, including 

varying injection enthalpy and volumes. 

 

The results of these preliminary scenarios 

were utilised to select the preferred 

development scenario and the final six 

scenarios that are detailed in Table 12. 

 

Scenario 1B (40,000 t/day) was selected as the preferred development scenario with the best balance 

between maximising system output and having an acceptable effect on the geothermal system. 

Scenario 1D was also important to consider as a ‘minimum operational scenario’. This scenario 

represents the mass take that would be required to maintain one IP generator at the Ohaaki power 

station (~ 43 MWe-net). Contact stated: “This is likely to be the mode of operation in the short term. The 

scenario shows this can be achieved with ten makeup wells and reaching a total take of 37,000 t/day 

by 2060” (Contact-SMP, 2013, p.79). 

 

The main Scenario 1B includes 16 make-up wells (12 West, four East). According to the modelling, this 

results in a constant mass flow of 40,000 tpd from 2014-2060, but due to declining enthalpies, it results 

in declining steam flows. 
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Figure 18 

Modelled steam flows for main scenarios (O’Sullivan & Clearwater, 2013) 

 

The total modelled steam flows under the different scenarios are shown in Figure 18. Scenarios 1B and 

1F (blue and bright pink, respectively) show the same steam flow trends – an initial increase, then a 

steady decline which tapers off by about 2040 (~27 years) to around ~10,200 tpd. Scenario 1F ceases 

production in 2048 when the requested consent is expected to expire. The steam flow is based on a 

separator pressure of 5 bar (IP-turbine inlet pressure of 4.5 bar). The modelled flows are only indicative, 

as the actual steam flow will depend on the separator system for each group of wells. 

 

Using Scenario 1B as a basis, the modelled Ohaaki generation from the main modelled scenario (1B) 

would peak at around 14,000 tpd of steam (~70 MWe-gross; 65 MWe-net), declining to 10,200 tpd of 

steam by 2040 (~50 MWe-gross; 45 MWe-net) and remain relatively stable thereafter. The potential 

addition of a converted IP/LP-turbine could add another 20 MWe, using the same fluid/steam flow. This 

is further supported by power plant modelling (Contact-SKM, 2013). 

 

The numerical reservoir modelling (O’Sullivan & Clearwater, 2013) confirmed that average reinjection 

volumes would go up from 65% over 1988-2012 (28% heat reinjection) to 75% in the main Scenario 1B 

(32% total heat reinjection). This would be expected to increase pressure support and reduce waste 

and subsidence. 
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Resource assessment 

With the consented 40,000 tpd of fluid (Scenario 1B), Contact planned to run one HP and one IP turbine 

(as had been done since 2011), which would result in a maximum of 47 + 11 = 58 MWe-gross generation 

(around 55 MWe-net) for the duration of the consent (35 years). This corresponds well with power plant 

modelling by SKM, 2013 (net generation @ 95% CF). The resource is therefore estimated at 55 MWe-

net * 35 years until 2048 (E1F1G1+G2 Commercial Project). 

 

Carey (2013), in evidence to the Hearing Committee, mentions the expectation of 40-50 MWe in the 

short-medium term as well as the additional LP option for the longer term. The potential of taking the 

remaining IP-turbine and converting it to an LP-turbine is also discussed to generate additional power 

with the remaining low-pressure steam. This would likely generate another 20 MWe-net, but would 

depend on additional investment and the resolving of technical issues, particularly silica scaling and 

calcite deposits at lower temperatures. The discussed GEO-40 initiative for silica removal is an 

important first step for this. Economic considerations would include the costs of converting the IP-turbine 

and related infrastructure to LP conditions; hence an additional 20 MWe upon further investment and 

research (E2F2G1+G2 Potentially Commercial Project) until 2048 (35 years).  

 

The modelling showed the same 40,000 tpd could be maintained for another 15 years until 2060, but 

with lower steam content (~ 45 MWe-net equivalent). Under the UNFC classification framework, this 

would be seen as a separate decision/project.  

 

C) Real operations 2013-2019 

The modelling report for the 2013 re-consent assumed a new well every ~2.2 years (16 over 35 years), 

starting in 2014/15 to push the generation back-up to around 55 MWe-net. Instead, no new production 

wells were drilled until 2019, but two wells drilled in 2013 were connected in 2015 (BR-66 & 67; 

connected in June and September 2015) with an expected output of 3-5 MWe per well (Contact-AR, 

2014, p.63). In 2018, a reinjection well was drilled (BR68) and connected in June 2019. 

 

Since 2013 Contact has produced two short-term prediction scenarios in its annual reports:  

1) One new well every three years (~45 MWe-net), and  

2) No new wells, but make-overs to support production: this would suggest 35-40 MWe in the 

coming years, before declining further after 2022.  
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Table 13 

Overview Ohaaki Production 2012-2018 (Author, Contact-AR, 2018) 

 

As can be seen from Table 13, actual production over this period has mostly been between these 

optimistic and pessimistic scenarios, despite drilling no new production wells. Generation has averaged 

around 40 MWe-net (at 90% CF) from 2014 to 2019 by running one IP and one HP-turbine and keeping 

the 2nd IP-turbine (to 2016) as back-up during outages and maintenance. As a planned new well for 

2017/18 was postponed, the HP-turbine was mothballed in the last quarter of 2017. The HP steam was 

directed into the IP-turbine. Production seems to have dropped in 2018 to around 36 Mwe as the 

generation was further limited by two to three throttled reinjection wells, waiting for workovers. 41 MWe 

was predicted for Ohaaki in 2019 (Contact-AR, 2018). 

 

Overall, this completes a picture of Ohaaki as a geothermal system that was developed and operated 

for a short period of heavy production, followed by an extended period of reduced production (see 

Section 2.4). As will be summarised and analysed in Section 4.3, this was mostly due to a combination 

of economic, technical and sustainability factors. 

 

4.2 Analysis Ohaaki Resource Assessment and Operation over Time – with UNFC E, F- and 

G-axis  

Section 4.1. has described in some detail the different developments and resource assessments for 

Ohaaki over time. From this, it is clear that Ohaaki has gone through a long exploration and production 

process and a range of resource assessments, as well as actual production stages. These different 

assessment outcomes could be caused by: 

- Differences in technical definitions, assumptions and units, e.g MW-gross/net, peak-vs-

average-MW, 80-90-95% Capacity Factor; 

- Changes in data availability and reliability, e.g., pre-production after ten or 25 years of 

production data available;  

- Different assessment methods, e.g., lumped parameter, well-decline, volumetric, numerical 

reservoir modelling 

- Different economic and regulatory conditions 
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- Different time horizons and assessment aims, e.g., long-term modelling (consent), medium-

term investment, short-term-operation or ex-post assessment 

 

To better understand the impact of each of the above factors, the following Section 4.2 will analyse the 

Ohaaki assessments over time from different perspectives: 

- Section 4.2.1 will analyse from the perspective of economic and regulatory changes (largely 

corresponding with the E- and F-axis on the UNFC framework) 

- Section 4.2.2 will compare some of the technical assumptions and methodological aspects of 

the different resource assessments discussed (largely corresponding with the G-axis). 

 

The next, Section 4.3, will then summarise findings, conclusions, and lessons from the Ohaaki case 

study that could also be useful for other geothermal systems and jurisdictions. 

 

4.2.1 Analysis of Ohaaki development through time (economic and regulatory changes) 

When Ohaaki was being explored and initially consented (1964 – 1978), the New Zealand electricity 

sector was managed centrally through the NZ Electricity Department with a strong national and strategic 

focus on diversifying the electricity system from hydro-dominance, as well as limiting the dependency 

on fossil fuels. 

 

The Broadlands Investigation Report (MWD, 1977) is the first thorough overview and resource 

assessment of the Ohaaki system, combining volumetric assessment, lumped parameter models, and 

well/field decline analysis with a first cost estimate to come to a contingent resource (potentially 

commercial project in UNFC-terms) of 100 MWe (gross; 90 MWe-net) for 30 years, with an optimistic 

upside to 150 MWe-net for 50 years. The 1977 Environmental Impact Report (NZED, 1977) and 

Environmental Impact Audit (CfE, 1978) and subsequent awarding of water rights (for 20 years) 

combined this with a preliminary plant design for 150 MWe-net, as well as corresponding resource 

allocation (103,200 tpd geothermal fluid take). This was to be built in two stages of first, 80-90 MWe-

net, with the additional 60-70 MWe-net only to be built if the system was 'proven' after several years of 

operation (CfE, 1978). Environmental concern and ‘sustainability’ were mentioned but little elaborated 

upon. Many of the negative impacts of production were known, including subsidence, well-decline, cold 

water inflow from shallow aquifers, silica scaling, and high CO2 content. 

 

The challenging design aspects, as well as planning issues (especially due to land ownership issues), 

delayed the build and commissioning of Ohaaki considerably. In the meantime, the decision was made 

to add the two leftover HP-turbines ex-Wairakei to make use of the excess steam pressure in the first 

ten years of field operation and extract 22 MWe-gross more generation without increasing the fluid take. 

This led to the final design and commissioning of the Ohaaki geothermal plant in 1988/9 as a 116 MWe-

gross/108 MWe-net power plant. By this time, only ten years of the original water rights were left for this 
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commercial project. The remaining 20 years of the original resource assessment would suggest an 

additional 85 MWe-net for 20 years if re-consented. 

 

From Figure 19 below, it is clear that Ohaaki did produce at/close to full capacity from 1990-1994. After 

that, the MWe-production started to taper off gradually until the 2000s, when it stabilised at around 40 

MWe-net; it surged back to around 65 MWe-net in 2008/9, but then fell back to an average of around 

40 MWe-net p.a. until 2016/17.  

 

Figure 19 

Ohaaki average annual Fluid Take (tpd) & Generation (MWe) (Data: Contact-AR 1988-2018) 

 

 

In the first ten years of operation, Ohaaki produced mostly as expected, using the existing wells’ over-

capacity and connecting existing additional wells to maintain (close to) full production in the first four-

five years. Potentially well-decline and cold-water inflow were somewhat worse than expected, and 

technical learning around the best reinjection strategy and workovers to combat calcite deposits took 

time to optimise (G-dimension in the UNFC classification), but the biggest factor seems to have been 

that far fewer wells were drilled over the years than the planned/needed three new production wells p.a. 

(see Section 4.1.2). This paucity in drilling seems to have been more related to economic/market factors 

(E-dimension) than technical/geological issues. From 1987 onwards, New Zealand started on an 

unbundling, deregulation, and privatisation process of its electricity system, culminating by 1996 

Contact Energy being spun off as a private power firm and acquiring – among others – the Wairakei 
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and Ohaaki geothermal systems. The result of this lengthy change process was a decade of uncertainty 

and low power prices, reducing investment incentives until at least the early 2000s. 

 

When Contact Energy started the application process for re-consenting (two years before the due date 

in October 1998), the Resource Management Act 1991 (RMA) had come into force with its emphasis 

on sustainable management of natural resources.  Sustainability is, therefore, a stronger part of the 

application process and deliberation, but Ohaaki was the first geothermal plant to be re-consented52 

under the new RMA. The process was new to the parties involved, and the implications of sustainable 

management of the Ohaaki geothermal system were not fully understood yet. 

 

Contact applied for a considerably lower resource/fluid take (60,000 tpd instead of 103,200 tpd), enough 

to support Ohaaki generating 70-80 MWe-net for up to 25 years. This was supported by a reservoir 

model and a ‘robust’ scenario including six new wells, supporting this take until 2013 only (15 years), 

after which a gradual decline was to be expected.  

 

The evidence presented by Contact in the hearings discusses the sustainability of the Ohaaki system 

under the proposed resource take, but mostly in generic terms. A brief reference was made to numerical 

reservoir simulation modelling done at the University of Auckland in 1997 using two scenarios, but no 

details of the modelling report itself were reviewed. In the deliberations, the uncertainties around 

subsidence were a much more dominant theme, and the Committee awarded Contact a new consent 

in 1998 under the RMA (WRC-100977, operative in 1999) for 60,000 tpd fluid take, but for 15 years 

only, mainly due to the mentioned uncertainties around subsidence. The RMA-consent introduced many 

more reporting requirements at the time, but these were mainly targeted towards annual fluid production 

and ‘effects’, rather than re-assessment of resource/reserve in terms of (long-term) power production 

resource sustainability as defined in this thesis. 

 

In 2002/3, the Waikato Regional Council brought out its Regional Policy Statement formalising WRC’s 

approach to geothermal sustainability through the classification of ‘development’ (including Wairakei, 

Ohaaki) and ‘protected’ systems. This formalised the implementation of ‘sustainable’ for geothermal 

resource management for the first time, and together with the judicial reviews in the mid-2000s (see 

Section 2.3 and 2.4), put sustainable geothermal resource management on a much stronger footing. 

 

In the subsequent 15 years, Ohaaki produced an average of 46 MWe-net electricity.  After initial price 

drops at the end of the 1990s and early 2000s (including plant closures), NZEM power prices started to 

rise again through the 2000s due to the 2001 and 2003 droughts and the looming end of the giant Maui 

gas system. A new drilling campaign was started in 2005-2007/9, and Ohaaki production increased 

from less than 40 MWe in the early 2000s (less than 30,000 tpd average) to 68/70 MWe average in 

 
52 Ngawha, a geothermal plant in Northland, was the first to be consented under the RMA in 1998 as a first-stage greenfield plant 
of 8 MWe-net to explore the potential of the system. This was increased to 25 MWe-net in 2008. In 2017, resource consent was 
granted to expand the project with another 50 MWe-net. The first phase of 25 MWe-net is under construction. The second phase 

is expected by 2026 (Lawless et al., 2020).  
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2008/9 (41,000 tpd in 2008/9, another drought year). As electricity demand growth stalled after the 

2008/9 financial crisis and the end of the existing consent was looming, drilling was paused. The newly 

targeted deep West Bank geothermal resources provided high enthalpy fluids, but moderate 

permeability, and production gradually fell back again to 52 MWe-net in 2010 and 43 MWe-net in 2011, 

when Contact started the re-consenting process.  

 

In 2013, Ohaaki requested a new consent for 35 years at 40,000 tpd (aimed at generating ~55 MWe-

net); the project description explicitly mentions the option of converting one of the two IP-turbines into 

a low-pressure turbine, provided scaling and other operational issues could be resolved and the 

economics made sense. The consent also mentions the supply of steam to timber drying and other 

‘cascade’ uses (up to 4,000 tpd of waste heat use as part of the overall 40,000 tpd consent). Due to the 

previous experience, the application was supported by elaborate documentation and reservoir 

modelling under a range of scenarios, as well as supporting models on subsidence. The main scenario 

modelled and applied on was for a reduced take of 40,000 tpd and 16 make-up wells (one every 2.2 

years) for 35 years, which would support production of up to 55 MWe-net from one HP and one IP-

turbine. Contact’s 2013 System Management Plan mentions 40-50 MWe-net average production aim 

for the short term (next five years). An additional option was discussed of converting the remaining IP 

into an LP-turbine to generate a potential additional 20 MWe. 

 

In the six years after the consent was awarded on 23 October 2013, Ohaaki generated around 40 MWe-

net on average: 42-43 MWe-net in 2016 and 2017 after two 2013-wells were connected in 2015, 

dropping to 36 MWe-net in 2018 as a planned new well for 2017/18 was postponed. Ohaaki Annual 

Reports and SMPs aimed for around 45 MWe-net in the coming five years. 

 

Overall, Grant (2017, unpublished case study for IGA-R&R) concluded, in hindsight, a total average 

generation of around 60 MWe-net over 30 years. He, therefore, claims that much more conservative 

estimates should have been used in earlier (volumetric) resource assessments. Some remarks should 

be made here: 

- An ex-post assessment of historical production is a different basis than an ex-ante resource 

assessment. 

- Many factors have changed for Ohaaki over time, including disappointing new 

technical/geological (G-dimension) information, but particularly – as can be seen from the 

above summary - significant changes to economic (E-dimension) and regulation (F-dimension). 

- Many of the earlier assessments were made for different purposes, with different data and 

assumptions. This will be reviewed in more detail in the following Section 4.3.2.  
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4.2.2 Comparing resource assessments, models and assumptions 

This section aims to summarise and compare the different technical assumptions for the assessments 

presented before in sections 4.1.2 – 4.1.4, categorised into the three consent periods, as well as two 

additional assessments that were published at important stages of Ohaaki geothermal development: 

1) 1977/78 assessments as part of the first Ohaaki water rights application and environmental 

impact audit (main/conservative volumetric assessment) – see Section 4.1.2. 

2) 1997/98 assessment as part of the 2nd Ohaaki consent under the new RMA-1991 regulations – 

See Section 4.1.3. 

3)  In 2002, the Waikato Regional Council commissioned SKM (SKM-WRC, 2002) to do resource 

assessments for all the high enthalpy geothermal systems in its jurisdiction as part of its 

sustainable resource management strategy. This was done using a standardised volumetric 

resource assessment method for all systems (including Ohaaki), adding a probabilistic 

approach to explore upper (P90) and lower (P10) ranges, as well as the main/median estimate 

(P50). 

4) 2012/13 assessment as part of the 3rd Ohaaki consent – see  Section 4.1.4. 

5) In 2017, an ex-post review and assessment of Ohaaki’s geothermal system was produced 

(Grant, 2017 case study for IGA-R&R, but unpublished). This included a volumetric approach 

and a re-assessment of technical assumptions made, especially recovery factors. 

 

The 1997 and 2002 resource assessments relate to the same (second) consent period from 1998-2013, 

but for different purposes. In general, when comparing the 2002 and 2017 assessments to the consent-

related ones, caution is required. The three consent-related resource assessments were produced ex-

ante (under the then ruling assumptions and market/regulatory settings) and as part of strict resource 

consenting and investing criteria. As mentioned, the RMA includes a ‘precautionary’ principle when 

allocating natural/geothermal resource consents; and investment decisions are generally also made 

using ‘conservative’ financial and technical risk assumptions. These resource assessments should 

therefore be seen as ‘sustainably demonstrated’ (RMA) and ‘proven reserve’ (financial decision-

making). The main median (P50) SKM-WRC (2002) assessments, however, were produced to give an 

overall long-term, comparable portfolio overview of Waikato’s geothermal resources. Only publicly 

available information was used, and previous production history as well as operational (well-drilling) 

plans were ignored. The resulting estimate should, therefore, probably be classified as a 

prospective/exploration project/resource rather than a reserve. 

 

The 2017 volumetric assessment is an ex-post assessment of actual production and generation over 

the past 30 years and under at least three different sets of regulatory and market conditions. Differences 

with ex-ante assessments could therefore be attributable to technical, geological, market, and/or 

regulatory changes that couldn’t be foreseen at the time of consenting. Still, such an ex-post 

assessment could provide an interesting perspective as to what it would say about the (volumetric and 

numerical modelling) assumptions and could shine an interesting light on developments over time. 
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To be able to compare assumptions and outcomes, the following aspects have been selected: 

1) Source and methods: What methods were used for the assessments (e.g., volumetric, well-

decline analysis, lumped parameter, and/or numerical reservoir model)? 

2) Model size and fit: How large is the (hot) area/volume under consideration, and how detailed 

and well-fitting is the model used? 

3) Fluid assumptions: What are the assumptions around fluid and reference temperature, 

recharge, and reinjection? 

4) Rock assumptions: What are the assumptions about rock density and specific heat, 

permeability and/or porosity? 

5) Stored heat calculations and discussion: To be able to compare and discuss the different 

resource assessments on a similar basis, stored heat calculations were done at different time 

periods (including natural state = Original Heat in Place) to give an indication of whether 

changing resources assessments are primarily caused by changes that are geological/field 

assumptions/knowledge (G-dimension) or production (economic) assumptions/decisions (E-

dimension). 

6) Field production assumptions: Especially permeability, porosity and recovery factor, as these 

are often large and uncertain factors in different resource assessments. This also includes 

assumptions on wells to be drilled and reinjection assumptions. 

7) Generation outcomes and discussion: Finally, the assumptions around plant efficiency, 

auxiliary power consumption (net/gross) and Capacity Factor (annual % running at full capacity) 

need to be understood to properly interpret resource assessments. However, these are not 

always clearly stated and can differ greatly for complex geothermal plants such as Ohaaki, with 

significant reinjection and cooling requirements. 

 

Below each of the above-mentioned aspects will be discussed and compared. Annex 2 shows an 

overall overview of these for the five resource assessments under review. 

 

1) Source and methods 

The resource assessments and data for this review were largely taken from publicly available 

documents provided for the successive consenting and regulatory stages. This was supplemented with 

an analysis of the reservoir models used in 1998 and 2013, with permission by Contact Energy.  

 

As table 14 below shows, the main methods used were volumetric assessment (1978, 2001, and 2017) 

and numerical reservoir modelling. Early in the history of Ohaaki, volumetric assessment and small 

lumped parameter models were used. With increasing production history, as well as improvements in 

modelling and computing power, numerical models have become more detailed, more accurate, and 

therefore the preferred assessment methodology. The 1978 volumetric assessments were 

complemented and corroborated with earlier well-decline analysis and lumped parameter modelling 

(Grant, 1977). Grant’s 2017 analysis was an ex-post production analysis, which used a volumetric 

assessment to estimate the implied (ex-post) assessment parameters. 
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Table 14 

Comparison of Model Assumptions – Source and Method (Author from Mentioned Sources) 

 

2) Model size and fit  

As can be seen from the overview in Table 15, the model size increased over time as production history 

increased and software, as well as computing power, advanced. This would also increase the fit and 

accuracy of the models. The numerical reservoir models define both a ‘hot’ reservoir/volume (with fluid 

temperature > 180 C) and a wider volume to include boundary effects in the model. All the stored heat 

calculations and other reservoir assumptions are specifically related to the ‘hot’ volume. The 2013 

numerical reservoir model was a significant improvement on the 1997/98 one and included CO2 in the 

Equation of State (EOS).  

 

The assumptions around production/hot volume (km3) included in the various resource assessment 

vary significantly, from 7.6 to 21 km3, mostly in line with the conservativeness of the volumetric resource 

estimate. The two reservoir models would calculate variable temperatures within the (hot) reservoir; the 

other models would use one (average) temperature for the single block. 

 

 Table 15 

Comparison of Model Assumptions – Model Size and Fit (Author from Mentioned Sources) 

 

3) Fluid assumptions 

As can be seen from Table 16 below, the assumptions on (average) fluid temperature are reasonably 

confined within a limited range (270 – 279 °C), with the 1997 reservoir model assumptions a clear outlier 

at 245 °C. The reference temperature for volumetric stored heat calculations is generally 180 °C (a 

1) 1977 assessment for 1978 

consent application

2) 1997-model for 1998 

reconsent application

4) 2012-model for 2013 

reconsent application

5) Grant (2017) ex-post 

analysis

Size and other descriptors 

of the model
Single block 2,048 blocks

Median/mode (P50) for 

single-block
22,819 blocks Single block

Model fit n/a moderate fit n/a good fit n/a

Size of the field modelled 

(area, km2)
4 ? 10 10.6 4

Thickness (m) 2000 ? 2,100 1475 1,900

Total volume (km3) 8 17.7 21 17.3 7.6

Hot volume (>TRef; km3) 8 12.7 21 15.5 7.6

3) SKM-WRC-2002 

Waikato resource 

assessment

1) 1977 assessment for 1978 

consent application

2) 1997-model for 1998 

reconsent application

4) 2012-model for 2013 

reconsent application

5) Grant (2017) ex-post 

analysis

Source

 MWD (1977), 

complemented with  Grant 

Technical report 71 (1977)

O'Sullivan & Newson 

(1997)

O'Sullivan & Cleartwer 

(2013)
Grant (2017)

Assessment method

Volumetric assessment 

complemented with lumped 

parameter model and well 

decline analysis

Numerical reservoir 

model with 2 scenarios

Numerical reservoir model 

with 6 scenarios

Ex-post historic 

production analysis and 

volumteric assessment

3) SKM-WRC-2002 

Waikato resource 

assessment

SKM-WRC (2002)

Volumetric assessment 

(probabilistic) with 

range of parameters
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common assumption), except for Grant (2017), who has set it at 150 °C, without further discussion on 

the potential implications for the recovery factor (see Section 3.1.3). 

 

For the volumetric assessments (1977, 2001, and 2017), liquid saturation is assumed to be 1 (i.e., no 

steam; a conservative assumption from an energy perspective), while for the two reservoir models, the 

model itself calculates temperature, pressure, liquid saturation, and enthalpy of the fluids as these are 

produced over time and place. 

 

The 1977 and 2017 volumetric assessments made no assumptions on the potential recharge of the 

reservoir, while the 2002 assessment assumed 100 MWth recharge, but this was not included in 

volumetric resource calculations (i.e., conservative). The recharge assumptions for the 2013 reservoir 

model (119 MWth) were considerably larger than for the 1997 model (35.5 MWth). The higher recharge 

could also be related to the draw-down of the reservoir and increased recharge from the deeper 

reservoir below (see Section 2.1.3).  

 

Table 16 

Comparison of Model Assumptions – Fluid Assumptions (Author from Mentioned Sources) 

 

4)  Rock assumptions 

As can be seen from Table 17 below, the assumptions around rock density and specific heat (when 

given) are very similar between the models. The differences in average porosity % and recovery factor 

between the models are significant, with 15.1% for the 1997 model the clear outlier. This level of porosity 

was more like that encountered in the Wairakei system, for which more modelling experience existed 

at the time. This could have impacted the initial estimates for Ohaaki’s porosity (O’Sullivan, personal 

communication, 2019). 

 

A recovery factor is normally only used in volumetric assessments (1977, 2001, and 2017 assessments) 

to estimate the amount of useful heat stored in the reservoir that could be converted to productive power 

generation uses. As discussed in section 4.1, this recovery factor (RF) can vary significantly. Reservoir 

models normally do not use recovery factors, as the resource assessment is estimated on the basis of 

running specific production scenarios.  

  

1) 1977 assessment for 1978 

consent application

2) 1997-model for 1998 

reconsent application

4) 2012-model for 2013 

reconsent application

5) Grant (2017) ex-post 

analysis

Average fluid temperature 

(C) @ natural state
270 245 270 279 275

Reference temperature 

(C)
180 180 180 180 150

Recharge assumptions 

(MWth)
None 35.5 100 119 None

Liquid saturation, Swi Not given. Assumed: 1 Calculated in model 1 Calculated in model Not given. Assumed: 1

3) SKM-WRC-2002 

Waikato resource 

assessment
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Table 17 

Comparison of Model Assumptions – Rock Assumptions (Author from Mentioned Sources) 

 

5) Stored heat calculations and discussion 

With the above assumptions, stored heat calculations can be made. For the three volumetric 

assessments (1977, 2001 and 2017), the stored heat calculations are central to the resource estimates. 

In contrast, for the two numerical reservoir models (1997 and 2012), the real resource assessment is 

based on detailed production scenario modelling (including wells drilled, fluid production/reinjection, 

and subsequent actual steam supply to the power plant). However, as the enthalpy, pressure, etc., are 

calculated for each block in the model, the stored heat (against a reference temperature) can be 

calculated, not only for the time period of the model but also back to the modelled natural state and 

different stages of the production scenario. This can help compare the different models and calculations. 

Due to data availability, the comparison of the natural state and 2001’s stored heat results are the most 

useful.  

 

Table 18 

Comparison of Stored Heat Calculations (PJ) (Author from Mentioned Sources) 

Discussion: Table 18 above lists the different stored heat results for the different models at different 

time periods. When comparing results for the same time period (2001 or 1966/natural state), there is 

clearly a wide range of estimates. The higher results for the 2001 (main, median) volumetric assessment 

and the 2012 numerical model are mostly due to the more optimistic assumptions, especially around 

the hot volume available (see Table 15). The high 2017-estimate, despite the lower assumed hot 

volume (7.6 km3 only), is mainly due to the lower reference temperature (150 oC instead of 180 oC) 

assumed by Grant (2017). However, the lower reference temperature also leads to a lower recovery 

factor (see Table 17 and Section 3.1.3).  

 

1) 1977 assessment for 1978 

consent application

2) 1997-model for 1998 

reconsent application

4) 2012-model for 2013 

reconsent application

5) Grant (2017) ex-post 

analysis

Rock grain density (kg/m3) 2500 2500 2700 2500 not given 

Rock grain specific heat 

(J/kg.C)
800 900 900 900 not given 

Average porosity/void 

space (%)
n/a 15.1 8 9.9 6%

Recovery factor (%) 20% n/a 20% n/a 14%

3) SKM-WRC-2002 

Waikato resource 

assessment

1) 1977 assessment for 1978 

consent application

2) 1997-model for 1998 

reconsent application

4) 2012-model for 2013 

reconsent application

5) Grant (2017) ex-post 

analysis

1977 - main estimate 1997 - main scenario 2001 -median (P50) 2012 - main scenario 2017 Grant-historic

1966-natural state 2,530 1,897 3,473 3,300

1988 1,888 3,463

1997 1,885 3,393

2001 1,852 4,530 3,382

2012 1,796 3,338

2035 1,729 3,236

2048 3,189

3) SKM-WRC-2002 

Waikato resource 

assessment
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The stored heat results for the 1997 numerical reservoir model are surprisingly low, especially 

considering this was the basis for a higher (70 MWe-net) resource estimate than the 2012 model. 

Possible reasons are: 

- Lower hot volume and considerably lower temperature estimates; 

- Higher porosity assumed by the model (closer to the Wairakei average and 50% higher than 

the 2012 estimate);  

- A larger percentage of stored heat estimated to be used over a shorter production period (only 

15 years), i.e., the production calculated will be less sustainable over the long term.53 

 

The stored heat for the original 1977 main/conservative volumetric resource estimate turns out not to 

be too far from the latest assessments (2012 and 2017), which suggests that the resulting 90 MWe-net 

estimate was indeed more reliable compared to the optimistic 150 MWe-net estimate. 

 

In the end, with the increase in production history and advances in computing, the 2012 model is likely 

the more accurate reservoir model. The 2017 ex-post production history review has quite similar 

conclusions, corroborating this view. 

 

6) Production assumptions 

The different (implied) assumptions on rock porosity and recovery factor were discussed under the 

previous section on rock assumptions. In reality, the two resource assessments made with numerical 

reservoir models are simulated using detailed production scenarios, including the wells drilled and the 

reinjection strategy (see Table 19 below).  

 

The 2012 reservoir model assumes that around a quarter of produced heat is reinjected back into the 

reservoir according to a constant, specified reinjection strategy (mostly infield). The 1997 reservoir 

model indicates reinjection, but no details were found. The 1977 and 2001 volumetric assessments and 

2017 historical production analysis make no such assumptions (assumed ‘0’). 

 

The 2001 assessment model did not specify any well drilling, and neither did the 2017 ex-post 

production analysis, but historically 15 new (successful) production wells have been drilled for Ohaaki 

since commissioning in 1988/89 (see Annex 1), i.e., around one every two years. The 1977 resource 

assessment assumed that three new wells would need to be drilled per annum to maintain the expected 

drop in steam pressures from full production.54 In the end, far fewer wells were drilled, and full production 

could not be maintained. The 1997 reservoir model’s main scenario included six new wells to be drilled 

over 15 years. In reality, more wells were drilled, though many proved less productive. The 2012 

reservoir model’s main scenario included 16 wells over a 35-year period (around one every 2.2 years). 

 
53 Full (175 kg/s, 70 MWe-net) production was only estimated to be possible (modelled) for 15 years, until 2012/3, after which 
pressures and volumes would drop too much to maintain the planned 70 MWe-net production. See Section 4.1.3. 
54 This was deemed economical in given market/regulatory conditions (a preliminary economic analysis was done to prove this, 

see MWD (1977), Section 4.1.2; there is doubt, however, whether the full costs of the 33 existing wells were included in this). 
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Grant’s (2017) historical analysis concluded that 15 wells were drilled over the 30 years of Ohaaki 

generation, i.e. around one every two years, lower than all the previous plans and estimates. 

 

Where specified, generation plant efficiency and losses (e.g. to own/auxiliary power use) are listed 

below. Differences between these are minor compared to other differences in assumptions. 

 

Table 19 

Comparison of Model Assumptions – Production Assumptions (Author from Mentioned Sources)  

 

7) Generation outcomes and discussion  

Finally, to properly compare and discuss the different resource/generation estimates, UNFC requires 

the specification of gross or net generation, and the length of (consented/planned) production is to be 

included. Results can be listed in total production (net generation in GWh or PJ) and/or net generation 

capacity times years (with plant capacity stated; see Table 20 below). 

 

Table 20 

Comparison of Generation Outcomes (Author from Mentioned Sources) 

 

  

1) 1977 assessment for 1978 

consent application

2) 1997-model for 1998 

reconsent application

4) 2012-model for 2013 

reconsent application

5) Grant (2017) ex-post 

analysis

Recharge assumptions 

(MWth)
None 35.5 100 119 None

Reinjection n/a
Reinjection, but details 

not stated
n/a

Around 1/4th of heat 

taken reinjected (in- and 

outfield)

n/a

Production wells (to be) 

drilled
3 new wells p.a.

6 wells over 15 years ~ 1 

well every 2.5 year
n/a

16 wells over 35 years ~ 1 

well every 2.2 years

15 new wells drilled over 

30 years ~ 1 every 2 

years

Assumed plant efficiency 12% Not given 12.6% Not given Not given

Net/gross losses assumed 8-10% plant data ~ 10% losses not given; assume ~10% plant data ~ 10% losses Only Net given

3) SKM-WRC-2002 

Waikato resource 

assessment

1) 1977 assessment for 1978 

consent application

2) 1997-model for 1998 

reconsent application

4) 2012-model for 2013 

reconsent application

5) Grant (2017) ex-post 

analysis

Gross generation (MWe) 100 80 130 60 Not given

Net generation (MWe) 92 70 120 55 60

Plant capacity factor 80% 90% 90% 90% 95%

Average generation pa 

(GWh-Net)
645 591 946 390 499

Expected/modelled years 

of generation
30 30 30 50

Consented years of 

generation
20 15 n/a 35

Resulting generation (PJ) 46 32 102 49 54

30 yrs (historic 1988-

2017)

3) SKM-WRC-2002 

Waikato resource 

assessment
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Discussion:  

As discussed under 5) stored heat calculations, the calculated resource/generation estimates differ 

considerably, especially due to varying assumptions in hot volume, resource and reference 

temperatures and recovery factors.  

 

In terms of fluid assumptions, the low resource temperature for the 1997 numerical model (245 oC vs ~ 

270 oC) and low reference temperature for the Grant (1997) model (150 instead of 180 oC) stand out 

here. The Grant model incorporates a correspondingly lower recovery factor (14 % vs 20%), and the 

1997 model only focuses on a short time horizon for the next 15 years. Hence, despite the differences 

and changes in the market and regulatory circumstances, as well as operational changes, the 1997-

main scenario @ 591 GWh-net p.a.) is not that far off from the historical reality of ~500 GWh-net p.a. 

(Grant, 2017), with a difference of around 20%. 

 

The 2012 resource estimate is considerably lower at 390 GWh-net pa, as this assessment is for 

continuous production for the next 35 years (on top of the existing 25). 

 

The SKM-WRC (2002) estimate is a theoretical ‘maximum sustainable production’ assessment, which 

does not take into account economic, regulatory, and production restrictions and comes out 

considerably higher (946 GWh-net pa).  
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4.2.3 UNFC classifications of Ohaaki resource assessments over time 

After analysing the technical assumptions for the main resource assessments in Section 4.2.2 

(corresponding to the G-dimension in the UNFC framework), and the regulatory, market and project 

context in Section 4.3.1 (corresponding to the E- and F-dimensions respectively), in this Section, 4.2.3, 

we will use this information to classify the main historical assessments according to the recently 

accepted UNFC resource classification system. 

 

Of course, at the time, the original resource assessments were not actually created with the UNFC 

framework in mind, but the UNFC system does not actually prescribe any assessment quantification 

methods, but merely gives guidance on how to classify such assessments with the transparent 

specification of methods and assumptions used (see Section 4.2.2.). Using the adapted UNFC 

classification as described in Section 3.5 would create a consistent and transparent overview and bring 

reporting in line with common PRMS-framework reporting: Reserves, Contingent Resources, and 

Prospective Resources, as also practised by other New Zealand resource management agencies (e.g. 

NZP&M – see Section 3.3). 

 

In the following sections, the information from Sections 4.2.1 and 4.2.2 will be used to classify the 

resource assessments and changes in UNFC categorisation at six of the most important (externally 

assessed/consented). A mock future resource assessment for the coming 30 years has been added. 

The resulting UNFC classifications are summarised in the overview in Annex 4. 

1) 1971 Final assessment on closing Ohaaki exploration (MWD, 1971) 

2) 1978 Environmental Impact Audit (CfE, 1978) and Water Rights allocation (based on Broadlands 

Investigation Report MWD, 1977) 

3) 1988 Commissioning of Ohaaki power plant 

4) 1998 Re-consent (Contact, 1998) 

5) 2002 Waikato Regional Council (WRC) Resource Assessment of all Waikato High Enthalpy 

Resources (SKM-WRC, 2002) 

6) 2013 Re-consent (Contact, 2013) 

7) Future assessment (author’s calculations) 

 

Each of the above-mentioned resource assessments will be described using the requirements and 

reporting language as defined in the UNFC-framework (UNECE, 2013) and the Geothermal 

Specifications (UNECE-IGA, 2016). Guidance for the structure and layout of the below Ohaaki case 

study has also been taken from a series of single-point case studies/examples produced by the IGA 

and UNECE on geothermal projects (UNECE, 2017)55  

  

 
55 Note that these case studies represent single-point resource assessment of different geothermal projects in different settings 
(hydrothermal high enthalpy, low enthalpy, EGS, etc) and for different uses (power generation, direct heat use, underground 
heat and cold storage, etc). In contrast, this detailed Ohaaki case study categorizes different resource assessments at different 

stages of the same project, to understand changes over time (as also part of (SPE-PRMS, 2011) ). 
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Ohaaki Case Study – UNFC classification 

 

General Description 

Date of Evaluation: December, 2019 

Product Type: Electricity 

Reference Point: For all projects is the station switchyard, where the power is exported to the grid. 

Hence, all quantities refer to net power generation (unless otherwise specified). 

 

Project Summary 

There are considered to be two upflows of high enthalpy fluids in the Ohaaki system, the main recharge 

coming from a confined area on the West Bank, with a small contribution from the East Bank. These 

separate upflows have been inferred from the differing chemical signatures of the fluids from each 

production area. Deep drilling has not discovered significant permeability in the greywacke, which 

underlies the East Bank (it is likely that a part of the West Bank recharge migrates to the East Bank 

along a zone of enhanced permeability close to or along the greywacke interface). The Ohaaki Power 

Station is powered by these two separate production areas. On both the East and the West Bank, a 

small portion (~20%) of the intermediate pressure steam comes from wells drilled into the intermediate 

aquifer (400 – 1200 m depth). However, since 2007, all of the high-pressure steam and the majority 

(~60%) of the intermediate pressure steam comes from wells drilled into the deep reservoir (>1200 m). 

See Section 4.1.1 for further details on the Ohaaki system. 

 

Ohaaki government-led exploration started in the 1960s, and the plant was consented to for 20 years 

of production in 1978. However, the plant was only commissioned in 1989, by which time 49 wells had 

been drilled. In 1996, Ohaaki became part of the SOE Contact Energy group (to be privatised and listed 

on the NZX in 1999). The power station was re-consented for lower production levels in 1998 (15 years) 

and again in 2013 (for 35 years). See Section 4.2.1 for a further overview of Ohaaki project 

development. 
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1) 1971 final assessment at close of Ohaaki exploration (MWD, 1971) 

Geothermal Energy Resources Classification: 100-180MWe (gross or net) * 30 years (E3.3; F2.3) 

Best estimate: 76 PJ (G1+G2) 

High estimate: 136 PJ (G1+G2+G3) 

Data date: 1971 

Quantification methods: Well power extrapolation and well-decline analysis 

Estimate type: Deterministic  

 

Table 21 

UNFC Categorisation of 1971 Ohaaki Resource Assessment (MWD, 1971; Author) 

Category UNFC definition Reasoning for classification 

E3  Extraction and sale are not expected to become economically viable in 

the foreseeable future, or evaluation is at too early a stage to 

determine economic viability.  

At the time of assessment, the 

government reasoned that the 

availability of much economic hydro 

and gas-fired generation made new 

geothermal generation and Ohaaki 

unattractive. All further exploration 

and development was halted. 

Subcategory UNFC definition 

E3.3 On the basis of realistic assumptions of future market conditions, it is 

currently considered that there are no reasonable prospects for 

economic extraction and sale in the foreseeable future. 

Category UNFC definition Reasoning for classification 

F4  No development project or mining operation has been identified. 18 wells drilled and extensively flow 

tested. Reinjection necessary and 

performed in other countries, but 

not yet on two-phase systems and 

such large quantities of fluid. 

Subcategory UNFC definition 

F4.1 The technology necessary to recover some or all of these quantities is 

currently under active development, following successful pilot studies 

on other deposits, but has yet to be demonstrated to be technically 

feasible for the style and nature of deposit in which that commodity or 

product type is located.  

Category UNFC definition Reasoning for classification 

G1 Quantities associated with a known deposit that can be estimated with 

a high level of confidence. 

18 wells drilled and extensively flow 

tested, but significant uncertainties 

around permeability, well-decline, 

cold water inflow, etc affecting long-

term production estimates 

G2 Quantities associated with a known deposit that can be estimated with 

a moderate level of confidence. 

 

Discussion: Note that the 1971 assessment actually does not define how many years the 100-180 MWe 

project would be expected to run for, but 30 years was normal at the time as the project horizon. This 

was used for the energy (PJ) calculations. It was also unclear whether these amounts were net or gross 

electricity. A conservative capacity factor (CF) of 80% was used, as that was customary at the time. 
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2) 1978 Environmental Impact Audit and Water Rights allocation (MWD, 1977)  

Geothermal Energy Resources Classification: 80MWe-net *20 yrs (E2; F2.1; G1+G2) 

Best estimate: 43 PJ (G1+G2: 80 MWe-net * 20 yrs) 

High estimate: 48 PJ (G1+G2+G3: 90 MWe-net * 20 yrs) 

Data date: 1977-1978 

Quantification methods: Lumped parameter model, volumetric assessment, and well-decline analysis 

Estimate type: Deterministic 

Summary project changes: Between exploration closure in 1971 and the consent hearings in 1978, 

the oil shocks of the 1970s and the 1970 report by the Club of Rome, The Limits to Growth, the 

government became interested again in exploring non-fossil, indigenous, non-hydro energy resources. 

This was reinforced by two droughts in 1973 and 1974. Exploration was restarted and 15 more wells 

drilled. A preliminary project design and costing were done, and an application for environmental 

consent and Water Rights was made and ultimately approved. The plant was to be built and 

commissioned by 1982.  

 

Table 22 

UNFC Categorisation of 1978 Ohaaki Resource Assessment (MWD, 1977; Author) 

 Category UNFC definition Reasoning for classification 

E2 Extraction and sale are expected to become economically viable 

in the foreseeable future.  

Water Rights and Environmental 

Consent awarded, preliminary costing 

done and expected to be economically 

feasible. 

Category UNFC definition Reasoning for classification 

F2 Feasibility of extraction by a defined development project or 

mining operation is subject to further evaluation. 

Preliminary design approved. Detailed 

design to follow. Challenging design 

and other issues (land rights) expected. Subcategory UNFC definition 

F2.1 Project activities are ongoing to justify development in the 

foreseeable future. 

Category UNFC definition Reasoning for classification 

G1 Quantities associated with a known deposit that can be 

estimated with a high level of confidence. 

33 wells drilled and extensively tested. 

Moderate confidence that 1st phase of 

project would support 80 Mwe-Net G2 Quantities associated with a known deposit that can be 

estimated with a moderate level of confidence 

 

Discussion: The original plan and application were for a 150 Mwe-net project and accompanying water 

rights (103,200 tpd of fluid take) for a period of 20 years. During the environmental hearing, uncertainties 

were discussed, and late in the process, the central government body responsible for generating 

electricity at the time, the New Zealand Electricity Department (NZED), submitted that the development 

would be in two phases: phase-1 of 80-90 MWe-Net, while phase 2 would further develop the plant to 

the planned 150 MWe-Nett “after several years of proven operation” (CfE, 1978, p. 42). The water rights 

and environmental consent were granted in 1978 for the full original application of 103,200 tpd (150 

MWe-net * 20 yrs – E3; 2.2 ; G1+G2). 



135 
 

3) 1988 Commissioning of Ohaaki Power Plant 

Geothermal Energy Resources Classification: 108 MWe-net * 10 yrs (E1 ; F1.1 ; G1+G2) 

Best estimate: 31 PJ (G1+G2: 108 MWe-net * 10 yrs) 

Data date: 1988 

Quantification methods: Well-decline analysis and plant design (reservoir model being tested) 

Estimate type: Deterministic 

Summary project changes: After the granting of environmental consent and Water Rights in 1978, 

detailed design and project preparation were given the green light. Technical design issues and land 

access/ownership negotiations caused considerable postponement. In 1983-1984, the design was 

changed to include two excess HP-turbines from Wairakei, which were estimated to use Ohaaki excess 

high-pressure steam for around ten years. By the time the Ohaaki plant was commissioned in 1988/89, 

ten years of its original Water Rights had already elapsed. From the 1980s onwards, the University of 

Auckland developed reservoir models for Ohaaki, but these played no role in the build decisions. 

 

Table 23 

UNFC Categorisation of 1988 Ohaaki Resource Assessment (Author; Contact-AR, 1998)

Category UNFC definition Reasoning for classification 

E1  Extraction and sale has been confirmed to be economically 

viable. 

 

Plant built and commissioned with 2 * 

48 Mwe IP and 2* 11 Mwe HP-turbines 

(116Mwe-gross; 108 Mwe-nett). HP-

turbines were expected to run for ten 

years on excess high-pressure steam, 

then mothballed. At the time, only ten 

years were remaining on the original 

Water Rights. 

Subcategory UNFC definition 

E1.1 Extraction and sale are economical on the basis of current 

market conditions and realistic assumptions of future market 

conditions. 

Category UNFC definition Reasoning for classification 

F1 Feasibility of extraction by a defined development project or 

mining operation has been confirmed.  

Extraction and generation taking place. 

Reinjection protocols still to be tested, 

but confident for first ten years. Subcategory UNFC definition 

F1.1 Extraction is currently taking place.  

 

Category UNFC definition Reasoning for classification 

G1 Quantities associated with a known deposit that can be 

estimated with a high level of confidence. 

Confident that excess geothermal 

steam for additional HP-turbines would 

last ten years with planned make-up 

drilling. 

G2 Quantities associated with a known deposit that can be 

estimated with a moderate level of confidence 

 

Discussion: The original project was modelled for 30 years’ production. Hence, after the remaining ten 

years on the original water rights were to finish, an additional 80 MWe could be potentially available for 

another period of 20 years, depending on consenting, additional drilling, and economic circumstances. 

Under UNFC, this would be seen as a separate project: 80 MWe * 20 yrs (E3; F2.2 ; G1+G2). 
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4) 1998 Re-consent  

Geothermal Energy Resources Classification: 70 MWe-net * 15 yrs (E1 ; F1.1 ; G1+G2) 

Best estimate: 30 PJ (G1+G2: 70 MWe-net * 15 yrs) 

High estimate: 34 PJ (G1+G2+G3: 80 MWe-net * 15 yrs) 

Data date: 1997 

Quantification methods: Numerical reservoir model 

Estimate type: Deterministic 

Summary project changes: After the commissioning in 1988/89, the Ohaaki power plant ran at full 

capacity for around five years (1993/4), after which steam pressures and volumes (especially HP) 

started to drop. Of the three make-up wells per year predicted/planned, only three were drilled over the 

total period between 1989 and 1998. In 1991, the new Resource Management Act (RMA) was 

introduced, and Ohaaki was the first large geothermal plant to be re-consented under the RMA. In 1996, 

electricity market liberalisation culminated in the start of the New Zealand Electricity Market (NZEM) 

trading and the split-off/sale of Contact Energy as a private generator, including the ownership of 

Ohaaki. Power prices were expected to drop in the years to come. 

 
Table 24 

UNFC Categorisation of 1998 Ohaaki Resource Assessment (Contact, 1998; Author)

Category UNFC definition Reasoning for classification 

E1  Extraction and sale has been confirmed to be economically 

viable. 

 

Power prices dropping but Ohaaki 

deemed economic on smaller operation. 

Scenarios based on Tough2 reservoir 

model with ten years’ worth of production 

data, moderate fit and a robust scenario 

of six make-up wells, run until 2035 (38 

yrs). But uncertainties and declining 

production after 2013. 

Subcategory UNFC definition 

E1.1 Extraction and sale are economical on the basis of current 

market conditions and realistic assumptions of future market 

conditions. 

Category UNFC definition Reasoning for classification 

F1 Feasibility of extraction by a defined development project or 

mining operation has been confirmed.  

Ten years of production/operation, but 

main uncertainty in management of 

subsidence/ surface effects. Consent 

awarded for 15 years until 2013 due to 

uncertainties. 

Subcategory UNFC definition 

F1.1 Extraction is currently taking place.  

 

Category UNFC definition Reasoning for classification 

G1 Quantities associated with a known deposit that can be 

estimated with a high level of confidence. 

Confident that new wells drilled in deeper 

East Bank would be good producers.  

G2 Quantities associated with a known deposit that can be 

estimated with a moderate level of confidence 

 

Discussion: The original consent application was for 30 years, but due to uncertainties (especially 

subsidence), the consent was only granted for 15 years. Additional generation was demonstrated to be 

feasible beyond 2013-2035 according to the model, although with declining pressures: 60 MWe * 23 

yrs (E3; F2; G1+G2 = non-viable project). This would be categorised as a separate project under UNFC. 
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5) 2002 WRC Resource Assessment of Waikato High Enthalpy Resources (SKM-WRC, 2002) 

Geothermal Energy Resources Classification: 120 MWe-net * 30 yrs (E3.3 ; F4.2 ; G1+G2) 

Best estimate: 102 PJ (120 MWe-net * 30 yrs) 

Data date: 2001 

Quantification methods: Volumetric assessment 

Estimate type: Probabilistic 

Summary project changes: The 2002 Resource assessment was not so much warranted by project 

changes or consenting requirements, but the result of the desire by the regulator, Waikato Regional 

Council (WRC), to create an assessment of all (high enthalpy) geothermal resources in the region: 

Those classed as ‘development’ as well as ‘protected’ and other regulatory classifications. This would 

be the basis for WRC’s regional geothermal resource management policy, which requires ‘sustainable 

resource management’. As most geothermal systems in NZ had been thoroughly explored by the 

government in the 1960s-1980s, public data is/was available for most systems. The Ohaaki system was 

also assessed, using the same probabilistic volumetric resource assessment. 

 
Table 25 

UNFC Categorisation of 2001 Ohaaki Resource Assessment (SKM-WRC, 2002; Author) 

Category UNFC definition Reasoning for classification 

E3  Extraction and sale is not expected to become economically 

viable in the foreseeable future, or evaluation is at too early a 

stage to determine economic viability  

Present smaller Ohaaki project running, 

but more ‘sustainable’ resources might 

be available, without being economical 

at the moment. 
Subcategory UNFC definition 

E3.3 On the basis of realistic assumptions of future market conditions, 

it is currently considered that there are no reasonable prospects 

for economic extraction and sale in the foreseeable future. 

Category UNFC definition Reasoning for classification 

F4  No development project or mining operation has been identified. Significant additional heat 

demonstrated in deep basin, but low 

permeability. Would need 

‘enhancements’. 

 

Subcategory UNFC definition 

F4.2 The technology necessary to recover some or all of these 

quantities is currently being researched, but no successful pilot 

studies have yet been completed 

Category UNFC definition Reasoning for classification 

G1 Quantities associated with a known deposit that can be 

estimated with a high level of confidence. 

 

P50 volumetric estimate 

G2 Quantities associated with a known deposit that can be 

estimated with a moderate level of confidence 

 

Discussion: The SKM-WRC volumetric assessment for Ohaaki was considerably higher than the 40 

MWe-net Ohaaki operations at the time (or even the 70-80 MWe-net as at the 1998 re-consent – see 

under 4). The assessment used public data only and ignored existing production history and was 

actually treated as ‘pre-development conditions’. It is important to recognise that the 2002 SKM-WRC 

assessments were not directly related to project economics or feasibility but related to regulatory 

requirements. A P10 estimate of 100 MWe-gross (around 90 MWe net) was also produced in the same 

assessment. 
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6) 2013 Re-consent 

Geothermal Energy Resources Classification: 55 MWe * 35 yrs (E1 ; F1.1 ; G1+G2) 

Best estimate: 55 PJ (G1+G2: 55 MWe * 35 yrs) 

High estimate: 60 PJ (G1+G2+G3: 60 MWe * 35 yrs) 

Data date: 2012 

Quantification methods: Numerical reservoir model 

Estimate type: Deterministic 

Summary project changes: After NZEM power prices dropped from 1996 to the early 2000s, two 

droughts in 2001 and 2003 and the foreseeable end of the cheap Maui gas contract started pushing up 

power prices, and average wholesale prices almost doubled over the 2000s. In 2008, New Zealand 

introduced a comprehensive Emissions Trading Scheme (ETS), putting downwards pressure on coal 

and gas-fired generation. Many new power projects were investigated, consented to, and developed 

(especially geothermal and wind). Between 2008-2010, 12 new wells were drilled in Ohaaki’s deep 

West Bank reservoir, and generation rose back to 70 MWe (nett). However, in the early 2010s, 

electricity demand growth stagnated, and oversupply resulted. Ohaaki’s generation was allowed to drop 

to 45-50 MWe-net by the time of re-consenting in 2013. 

 

Table 26 

UNFC Categorisation of 2013 Ohaaki Resource Assessment (Contact, 2013; Author) 

Category UNFC definition Reasoning for classification 

E1  Extraction and sale has been confirmed to be 

economically viable. 

 

Resource proven with a well-calibrated 

Tough 2 reservoir model (25 yrs of 

production history; good match) and a range 

of scenarios. Chosen and consented 

scenario with 16 wells (within 20 wells 

criterium). 

Subcategory UNFC definition 

E1.1 Extraction and sale is economic on the basis of current 

market conditions and realistic assumptions of future 

market conditions. 

Category UNFC definition Reasoning for classification 

F1 Feasibility of extraction by a defined development project 

or mining operation has been confirmed.  

Successful operation has been ongoing for 

25 years, and confident for future operation. 

Subcategory UNFC definition 

F1.1 Extraction is currently taking place.  

Category UNFC definition Reasoning for classification 

G1 Quantities associated with a known deposit that can be 

estimated with a high level of confidence. 

Confident that additional heat resource is 

available in the reservoir. 

G2 Quantities associated with a known deposit that can be 

estimated with a moderate level of confidence 

Discussion: The consent application discusses the option of deriving an additional ~20 MWe-net 

generation with same fluid extraction if the second spare IP-turbine were to be converted to an LP-

turbine to make use of remaining pressure and energy after passing through the running IP-turbine. 

This extension project would be dependent on resolving economic and technical challenges: 20 

MWe*35 yrs (E2 ; F2.1 ; G1+G2). Additional generation beyond the consent limit of 2048 was 

demonstrated to be feasible, according to the reservoir model running until 2060: 55 MWe * 12 yrs (E3 

; F2 ; G1+G2). The latter would be seen as a separate, non-commercial project under UNFC. 
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7) Future assessment 

Geothermal Energy Resources Classification: 45 MWe * 30 yrs (E1 ; F1.1 ; G1+G2) 

Best estimate: 38 PJ (G1+G2: 45 MWe * 30 yrs) 

Data date: 2019 

Quantification methods: Extrapolation of existing production and System Management Plans 

Estimate type: Deterministic 

Summary project changes: With the above historical assessments in mind and insight into recent 

production, Annual Reports, and System Management Plans, a mock Ohaaki resource assessment for 

the coming 30 years can be done. Since 2013, electricity demand has started to grow again, and market 

prices are rising. However, emission prices have also been rising, and Contact Energy has the large 

consented Tauhara-II project ready to invest. Ohaaki’s geothermal system has a high CO2 content and 

did not qualify for Contact’s certified ‘green energy’ bond (CBI-standard<100 g CO2/kWh). Production 

has been allowed to drop to ~45 MWe and the plan is to maintain at this level with a new well every 

three years (vs one per two years as planned in 2013 re-consent).  

 

Table 27 

UNFC Categorisation of 2019 Ohaaki Resource Assessment (Author) 

Category UNFC definition Reasoning for classification 

E1  Extraction and sale has been confirmed to be 

economically viable. 

In the present economic circumstances, 

Contact Energy has invested less in make-up 

wells than planned and is aiming to maintain 

production at ~45 MWe. 

Subcategory UNFC definition 

E1.1 Extraction and sale is economic on the basis of current 

market conditions and realistic assumptions of future 

market conditions. 

Category UNFC definition Reasoning for classification 

F1 Feasibility of extraction by a defined development project 

or mining operation has been confirmed.  

Successful operation has been on-going for 

25 years, and confident for future operation. 

Subcategory UNFC definition 

F1.1 Extraction is currently taking place.  

Category UNFC definition Reasoning for classification 

G1 Quantities associated with a known deposit that can be 

estimated with a high level of confidence. 

Confident that additional heat resource is 

available in the reservoir. 

G2 Quantities associated with a known deposit that can be 

estimated with a moderate level of confidence 

 

Discussion: In principle, the same consented amount of fluid and generation is still available (though 

deemed less economical under present market conditions), including the additional ~20 MWe 

generation from the IP-LP-turbine conversion. This is dependent on resolving economic and technical 

challenges. This would be seen as a separate project/decision. Total (cumulative) potentially 

commercial project: 75 MWe*30 yrs (E2 ; F2.1 ; G1+G2).  
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4.3 Summary and discussion 

In Chapter 2, the first part of this thesis’ research question was answered, noting that geothermal 

resource management under the RMA in New Zealand for individual geothermal systems tends towards 

the weak sustainability side of the sustainability spectrum introduced. However, in two of the three 

geothermal regions (WRC and BoPRC), this is complemented by a hierarchical portfolio approach, 

whereby many geothermal systems are protected, while a limited number of geothermal systems are 

allowed to be developed under ‘controlled depletion’ (50-100 years of controlled production, after which 

regeneration in a similar period). It was also noted, however, that no clear portfolio policy had been 

developed and that an adequate resource classification and management tool might be missing, and 

that this would be one of the main areas of improvement for the sustainable management of geothermal 

resources in New Zealand.  

 

In Chapter 3, this was elaborated upon further, comparing resource management systems in the 

geothermal sector (largely absent until recently) to the decades of experience in the petroleum and 

mining sectors. In Section 3.5, an adapted geothermal resource management system was proposed for 

New Zealand, based on the recent UNFC resource classification system (UNECE, 2020), but simplified 

and adapted to the requirements of geothermal management under the RMA in New Zealand and with 

recent lessons from the implementation of SPE-PRMS (see Section 3.3). 

 

In this chapter, this adapted UNFC-system was applied to the Ohaaki case study, comparing resource 

assessments and assumptions over the long project time of exploration, development and production. 

Although none of the historical Ohaaki resource assessments reviewed in this chapter were originally 

done with the UNFC Framework Classification system in mind, the exercise of organising these 

assessments, clarifying and harmonising assumptions, and classifying these according to UNFC, has 

provided some valuable lessons. These include both lessons on the Ohaaki system and comparing its 

resource assessments over time and project stages (see Section 4.3.1), as well as on the use of the 

UNFC classification framework itself and wider application in New Zealand (see Section 4.3.2). In 

Chapter 5, this will be further linked back to the regulation and sustainable management of geothermal 

resources and how UNFC could be used to improve this. 

 

4.3.1 Summary and discussion on sustainability in the Ohaaki case using UNFC 

1) Many of the Ohaaki resource assessments had different, and at times, unclear assumptions, which 

made comparing difficult. The UNFC classification framework forces one to review all these 

assumptions, harmonise units, and compare them (see Section 4.3.2), which allows a clear, 

harmonised comparison (see Section 4.2.3 and Annex 4). 

2) Many of the problematic technical aspects that Ohaaki has become known for (cold water inflow, 

moderate-low permeability, subsidence, etc.) were known before the plant was consented and built 

but deemed to be feasibly manageable. 
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3) The original resource assessment used for the 1978 consenting process under the WSCA (150 

MWe-net from 103.200 tpd fluid take) were based on a high and optimistic volumetric resource 

assessment scenario. A more conservative, median assessment of 80 MWe-net was also made. 

Sustainable limits to the Ohaaki geothermal resource itself and availability for future generations 

did not seem to be a major issue in the Environmental Impact Audit and consenting process. The 

debate was focused on external impacts, especially subsidence. In the end, only 20 years of the 

requested 103,200 tpd water rights were granted. The actual plant design was based on the more 

conservative scenario (80 MWe-net).  

4) At the time of re-consenting in 1997-98, the RMA (1991) had come into force with its emphasis on 

sustainable resource management. Ohaaki was the first large geothermal system to be re-

consented under the RMA, and WRC had not formulated its overall sustainable geothermal 

resource policy yet. Contact Energy applied for resource consent for a reduced 60,000 tpd for 30 

years with the expectation of producing around 70 MWe-net. Despite more attention to sustainability 

and resource modelling of two production scenarios, the consenting discussion again focused on 

concerns around continued subsidence. This resulted in the requested 60,000 tpd volume being 

consented to for only 15 years.  

5) At the time of re-consenting in 2012/13, the demonstration of sustainable resource management 

was central to the debate, and the resource sustainability and reservoir modelling reports were 

discussed in-depth during the hearings. Six scenarios were modelled for at least 50 years, and the 

results discussed at length. Contact Energy requested a resource consent for a reduced 40,000 

tpd for a period of 35 years according to one of the more conservative scenarios, aiming for around 

55 MWe-net production. This consent was granted. 

6) Using the UNFC geothermal resource assessment framework has helped to clarify the various 

assumptions, harmonise units used, spell out the resource assessment timeframes, and explain 

the link between the tpd of resources consented and MWe-net of resources estimated. The resulting 

overview of Ohaaki resource assessments over time (see Annex 4) helps understand its 

development story in the context of technical, regulatory, and market changes (see also Annex 5).  

7) An ex-post assessment of historical production (Grant, 2017) presents an interesting perspective 

that Ohaaki has generally underperformed in comparison to its modelling and consenting 

predictions, but caution should be taken to prevent any conclusion that the ex-ante resource 

assessments were ‘wrong’. Ohaaki has now been producing for at least 33 years56, and is 

consented to produce for another 25-26 years. This would confirm Ohaaki as fitting Axelsson’s 

sustainability model-4, an example of ‘weak sustainability’. Most other geothermal systems in New 

Zealand are managed in a stronger sustainability model (see Section 2.4). 

 

4.3.2 Discussion on usability of UNFC for New Zealand geothermal portfolio resource management 

1) In general, the UNFC framework is the only globally accepted geothermal resource assessment 

framework available at the moment. It is more extensive and complicated than the well-known 

 
56 Plus an additional two production years’ worth of extensive field testing before actual production in 1988 started. 
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SPE-PRMS (petroleum) or the AGEA Geothermal Code (2010, now abandoned) and can be 

somewhat confusing, especially when categorising earlier exploration stages, additional 

quantities in place and upsides to existing projects. The UNFC classification system is a project-

based system but can be used as a basis for regional or national resource reporting and 

aggregation. 

2) As discussed in Section 3.5, the UNFC framework can be simplified and adapted to local 

circumstances. In this thesis, a 3-level classification system was created, similar to the PRMS-

system for petroleum, and adjusted to the NZ regulatory regime (see Section 3.5). 

3) The UNFC framework is not prescriptive on resource assessment methods used, but requires 

a clear description of the end product specified (e.g., electricity delivered at the point of grid 

connection), economic and technical assumptions (e.g., cut-off temperatures), units used (e.g., 

GWh-net or PJ generation) and project horizons. From the Ohaaki case study, it is clear that 

no such consistent specification of assumptions was required for past reporting on resource 

assessments, and implementing such harmonisation greatly enhances the ability to compare 

results. 

4) The Ohaaki case study also highlights the usefulness of the UNFC requirement to strictly 

classify projects/resource assessments into different resource classes over different project 

stages and resource/reserve categories, as this also clearly enhances the reliable interpretation 

of the resource estimates (see Annex 4). 

5) For portfolio overviews (including national generation potential and regional sustainable 

resource overviews) or median (G1 + G2, or best estimate in UNFC terms), P50 estimates are 

the most common and recommended resource estimates, which are also generally the ones 

reported upon. This should be made specific when reporting under UNFC in the future. 

6) UNFC also specifically requires the reporting of total energy (GWh or PJ as in SPE-PRMS) 

over the project time horizon, which fits well with this important aspect of NZ geothermal 

regulation regarding geothermal resource consent lengths and end dates. 

7)  However, NZ electricity market regulators, planners and participants generally focus on the 

rate of production (MWe-net). This would be particularly useful in New Zealand in combination 

with consent expiry dates. For geothermal systems in New Zealand MWe-net by project years 

,therefore, seems the most appropriate measure, provided it is accompanied by a stated 

capacity factor. Rounding off to the nearest 5 MWe is recommended.  

8) The most common capacity factors (CF) for geothermal power plants in New Zealand are 90 – 

95%. In the Ohaaki case, 90% was generally used. Newer geothermal plants generally have a 

CF of 95%. It is suggested that a CF of 90% is used as default in reporting; otherwise, the CF 

should be stated.  

9) In New Zealand, geothermal projects are generally modelled and demonstrated with numerical 

modelling for periods of 50 years or more when applying for resource consents (maximum 35 

years consent time). This is meant to demonstrate that the geothermal system will still have 

additional energy available for future generations after the consented project concludes. Under 

UNFC, such an additional 15 years of project life would be seen as a separate project and 
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should be listed separately and clearly indicated as a separate, subsequent project to prevent 

confusion with additional generating capacity (contingent resources) available alongside the 

present project.  

10) At present, detailed resource assessment and ‘demonstration’ is only required at consenting 

stages (once every 30-35 years). Recently, developers have been required to produce a 5-

yearly updated System Management Plan (SMP) based on the latest information and updated 

reservoir modelling. These SMPs are required to provide an outlook on future production from 

the consented system for the coming five years, ten years, and until the end of the consent 

period, but haven’t specifically included updated (MWe/GWh) resource assessments. Five-

yearly SMPs provide an ideal opportunity and should be required to include updated resource 

assessments along with the discussed UNFC requirements.  

11) The UNFC classification system does not provide guidelines for methods and quantification as 

SPE-PRMS does. Such a guide should be developed and agreed upon by the (New Zealand) 

geothermal industry. The AGEA Geothermal Lexicon (AGEA, 2010b) would be a good starting 

point. This should help clarify and standardise important default variables such as cut-off 

temperatures, recovery factors, and efficiencies used. Deviations from described default values 

should be explained in the reporting.  

12) Applying the above assumptions to Ohaaki results in an overview, such as the one presented 

in Annex 4.  

13) A first attempt at applying the same approach to all New Zealand high enthalpy resources will 

be discussed in Chapter 5. The regular, updated overview of available geothermal resources 

and reserves (both developable and protected for future generations) should be seen as a basis 

and minimum condition for regional regulators to further develop and improve the sustainable 

management of their geothermal resource portfolios. 

  



144 
 

Chapter 5 Overall Summary and Conclusions 

This thesis was written as a multi-disciplinary exercise to analyse the use of geothermal resources from 

a regulatory, economic, and technical perspective, with the final aim being to contribute to the 

understanding and sustainable management of geothermal resources by integrating the insights from 

these perspectives in a new way. The publications overview on page vi lists the sole- and lead-authored 

articles that were produced during this thesis and what parts of the thesis they relate to. The main 

research question is formulated as follows: 

How sustainable is the use and management of geothermal energy resources in New Zealand, and 

what improvements to resource assessment, management, and monitoring may be desirable to achieve 

better sustainable management of the resource?  

 

This question falls into two main parts: 

- Regulatory aspects and sustainability definitions and implementation (Chapter 2); 

- Improvements focusing on engineering solutions, especially in the area of improved resource 

assessment and portfolio management systems to support sustainable management (Chapters 

3 and 4).  

 

In the following sections, each of these chapters will be summarised, and the two parts of the question 

answered sequentially, after which a final discussion on the conclusions and recommendations will be 

presented.  

 

The first part (Chapter 2) picks up the theme of geothermal sustainability and discusses this, particularly 

in relation to New Zealand. The first step in this looks in detail at the definition of sustainability, its 

application to geothermal resources and implementation (over time) within New Zealand (TVZ) 

geothermal systems. Recent discussions on sustainability can be traced back to the Brundtland report 

(1987) of the United Nations. This brought together earlier ‘natural’ themes with the notions of fairness 

and limits to natural resources. The report states: “Sustainable development is development that meets 

the needs of the present without compromising the ability of future generations to meet their own needs” 

(p. 41). In general, three main dimensions of sustainability can be discerned: 

a) Socio-economic fairness and ‘needs’, especially of the world’s poor. 

b) The external, environmental impacts and effects (both locally and globally) that projects have 

that might compromise the ability of future generations to meet their needs. 

c) The availability and management of the natural resources itself, in order that future generations 

may meet their needs. 

 

The RMA in New Zealand revolves around a slightly different concept of sustainable management that 

is more focused on the latter two aspects of sustainability. The present thesis is largely focused on the 

third aspect of sustainability: how natural geothermal resources per se are managed with the 

sustainable management concept in New Zealand and how this could be improved. 
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In the last few decades, a subset of the external, environmental impact dimension has come to the 

foreground around the need to lower greenhouse gas (GHG) emissions. In recent years, New Zealand 

has started to further emphasise the policy preference to develop more low-emissions power 

generation, including geothermal. In principle, geothermal generation in New Zealand is relatively low 

in GHG emissions, but there are considerable variations between systems (e.g., Ohaaki has relatively 

high GHG emissions; see McLean & Richardson, 2019). Further emphasis on low-emissions generation 

is likely to lead to more pressure on geothermal resource development (e.g., see Campen van & 

Suomalainen, 2019) and tensions between the different dimensions of sustainable geothermal 

management.  

 

In this geothermal engineering thesis, ‘sustainability’ is defined as a process for managing natural 

renewable resources reaching some level of equilibrium between resources needed for development 

in the present (rate of use) and rate of renewal/conservation of resources available for future 

generations, while avoiding irreversibility in damages, permanent depletion and continual 

diminution/collapse to renewal rates (ecosystem resilience).  

 

Luketina (2012) applies the Solow (1974) concept of weak vs strong sustainability to the geothermal 

context, where strong sustainability requires no loss of natural resources. Weak sustainability allows for 

the depletion of some natural resource stocks “as long as future generations will still be at least as well 

off as today’s generation through technological change and the like” (p. 18). Together with authors such 

as Hediger (2000), a more flexible, fluid spectrum from very weak – weak – strong – very strong 

sustainability is defined. In the geothermal context, Axelsson (2010) defines four models of sustainable 

use, which can be put on the above scale of very weak to very strong sustainability:  

(1) Constant production below the rate of renewal [very strong sustainability];  

(2) Stepwise increase in production [until a sustainable equilibrium is reached – e.g., Kawerau; 

weak-strong sustainability];  

(3) intermittent, excessive production with breaks [e.g., Wairakei-Tauhara, weak sustainability]; 

and  

(4) Reduced production after a shorter period of heavy production [e.g., Ohaaki, very weak 

sustainability]. 

 

There are no known examples of Axelsson model-1 for large-scale economic power plant developments 

around the world. Hence, large-scale geothermal power plants generally show some aspect of resource 

depletion and weak sustainability. 

 

In New Zealand, the RMA concept of sustainable management of natural resources must be 

implemented by regional authorities or regulators. In the geothermal context, two of the three main 

geothermal regional regulators (Waikato Regional Council and Bay of Plenty Regional Council)57 have 

 
57 The Northland Regional Council only manages one high enthalpy geothermal system within its boundaries, which is managed 

under controlled depletion. 
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developed regional policies, which include a hierarchical portfolio approach to geothermal resource 

management. This means that some systems are fully protected in perpetuity, while other systems are 

allowed for development, leading to controlled depletion over multiple generations (50-100 years) with 

the intention of the system lying fallow thereafter (seen as weak sustainability). Together this 

hierarchical portfolio approach allows for some economic geothermal development while maintaining a 

stronger level of sustainability at the higher portfolio level. This approach is well-accepted by the 

geothermal community and the Environment Court (see Section 3.4.2) and requires proper 

management, assessment and monitoring of the whole resource portfolio. 

 

Case studies are presented for the three oldest development geothermal systems in New Zealand 

(Wairakei, Kawerau, and Ohaaki), which correspond well with Axelsson’s three weaker sustainability 

cases (see above). Resource assessment and demonstration is done with different methods in New 

Zealand, varying from (probabilistic) volumetric stored heat to power density calculations. But with the 

advance in computer power and modelling techniques, numeric reservoir models have become the 

main basis for resource assessment and consenting for development systems in the last two decades. 

Realistically, it is only during extended production that resource depletion and effects become clearer. 

Hence, regulators advocate using a precautionary principle, including stepwise development and 

adaptive management approaches in case impacts are different or worse than expected. 

 

Development and monitoring of the seven main operating geothermal power plants and systems over 

six decades has created a wealth of expertise in this area and seems to be largely working successfully 

(including challenges for Ohaaki, e.g., see case studies in Section 2.). However, the main consent 

discussions and regular reporting revolve around the effects side of sustainability, while re-assessment 

of the geothermal resource per se (on a per system, but especially portfolio basis) is limited. Also, there 

are considerable degrees of freedom and variations in the resource assessment and reporting 

approaches between the different geothermal systems - even within the same jurisdiction/region - and 

little consistent comparison over time (see Chapter 4 detailed case study on Ohaaki). This provides 

challenges for the sustainable management of geothermal resources in the regions, especially as this 

is largely based on the chosen hierarchical portfolio approach. The last time WRC did a formal review 

of its geothermal resource portfolio was almost 20 years ago (SKM-WRC, 2002). BOPRC never 

performed such a formal review. 

 

This can be contrasted with approaches implemented in the petroleum and mining sector, where 

resource assessment and reporting standards have been harmonised, developed, and improved since 

1965 under the Society of Petroleum Engineers (SPE-PRMS, 2011) and Petroleum Resource 

Management System (PRMS) guidelines. Between 2010 and 2016, New Zealand implemented an 

expanded and improved petroleum resource management and reporting system, relying on more 

regular reporting and strict adherence to SPE-PRMS reporting standards to improve its knowledge of 

NZ petroleum resources and plan for an expansion of petroleum production, managed in the public 
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interest (see: Campen van & Archer, 2016). Other countries such as The Netherlands made similar 

innovations and evaluated these changes as very productive (e.g., Kreft et al., 2014). 

 

As New Zealand is planning further expansion of its geothermal developments, lessons from the 

petroleum sector should be implemented. First of all, a common geothermal resource assessment 

system needs to be agreed upon. Until 2010, no such common, globally accepted system existed. The 

Australian/Canadian geothermal code (2010) was getting global traction but was later replaced by the 

UNFC Framework (UNECE, 2020) and Geothermal Specifications (UNECE-IGA, 2016). This has now 

been accepted by the UN and is to be used globally, though on a voluntary basis. A set of individual 

case studies has been produced (UNECE, 2017), but no comparisons over time or any (national) 

portfolio of geothermal resources or quantification guidelines. 

 

The UNFC Framework Classification and Geothermal Specifications have some advantages and 

disadvantages that could assist in improving the sustainable management of NZ’s geothermal 

resources: 

1. It is the only available, globally accepted geothermal resource assessment framework at the 

moment. 

2. With its three (Economic, project Feasibility, and Geologic and other uncertainty) dimensions 

rather than two, it is more complicated than the well-known SPE-PRMS system for petroleum 

resources. 

3. The UNFC framework explicitly mentions it can be adapted to local needs and circumstances 

as long as the principles are maintained. This provides an excellent opportunity to adapt a 

simplified, transparent version of the framework (similar to the SPE-PRMS used in NZ’s 

petroleum sector), which includes some of the specific peculiarities of the NZ geothermal 

regulation, including sustainable resources, lack of public reporting on exploration drilling and 

contingent, potentially commercial projects, length of resource consents, and regional portfolio 

management. 

4. The UNFC framework is not prescriptive on the resource assessment methods used, but 

requires a clear description of the end product specified (e.g., electricity delivered at the point 

of grid connection), assumptions (e.g., cut-off temperatures), units used (e.g., GWh-net or PJ 

generation) and project horizons.  

5. The UNFC Framework also explicitly requires the inclusion of project time horizons, which fits 

well with this important aspect of NZ geothermal regulation regarding geothermal resource 

consent lengths and end dates. 

 

In this thesis, a simplified framework was created, reducing the main UNFC’s classification categories 

down from 48 to three, and adapted to the needs of the New Zealand regulatory system (see Section 

3.5). This simplified framework was tried and tested on a detailed case study of Ohaaki geothermal 

resource assessment over time (Chapter 4) in order to derive lessons on both the Ohaaki geothermal 

system and a wider applicability of UNFC in the New Zealand context. 
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Chapter 4 uses a single detailed resource assessment and modelling case study (Ohaaki), and 

elaborates on the techno-economic aspects of the Ohaaki geothermal resource assessment in the 

changing market and regulatory circumstances, as well as the application of the proposed, adapted 

UNFC Framework itself.  

 

A summary of the Ohaaki case: 

1) Ohaaki is the third oldest operating geothermal system in NZ (has run for 30+ years: 1988 – 

2021; with the latest consent until 2048) with an even longer exploration and resource 

assessment history, starting in 1964. Through this history, it has had three consenting 

moments58 at which formal resource assessments had to be presented/demonstrated (1977-

78; 1998, 2013).  

2) A review of the Ohaaki versus other NZ geothermal systems shows that annual Ohaaki 

reporting is some of the most in-depth and detailed of all the systems, with clear overviews and 

tables of fluid and power production over time (which could be used as an example for other 

systems).  Even so, Ohaaki’s annual reporting in between consenting moments has shown few 

consistent attempts at re-assessment of the resource. 

3) Comparison of assumptions and data over the three consenting moments shows reasonable 

consistency on physical parameters for the main assessments (temperature, permeability, but 

less so on stored heat assessed), but considerable variation in assessment (realisation) of 

economics/feasible generation. Often, the economic assumptions were not included in the 

resource assessments (due to NZ consent requirements being based on 

sustainability/environment aspects, not on company economics, which is deemed internal).  

4) Many of the problematic technical aspects that Ohaaki has become known for (cold water 

inflow, moderate-low permeability, subsidence, etc.) were known before the plant was 

consented and built but deemed to be feasibly manageable. 

5) In Ohaaki’s case, planned/modelled scenarios for production and wells drilled differed 

considerably from reality, in large part due to the changing market and regulation 

circumstances:  

• When Ohaaki was first consented in 1977-78, this was done under the WSCA regulation 

on water rights. Environmental impacts were assessed, but the long-term 

availability/sustainability of the geothermal resource itself was barely mentioned. The 

discussions focused on subsidence, Waikato River pollution and indigenous land 

ownership. The electricity sector was largely managed by the central government (through 

NZED). A generous take of 103,200 tpd was allowed for 20 years to power up to 150 MWe-

net, despite question marks around field production, pressure drops and a late decision to 

develop the project in two stages. Resource ‘proofing’ was largely based on the 

extrapolation of a decade of geothermal well drilling and testing. The first stage was to 

install 80 MWe-net, and the second stage of another 70 MWe was only to be installed after 

the system had proven itself after several years of operation. To counter the predicted 14% 

 
58 Other systems, even the older Wairakei system, have only had a maximum of two consenting moments.  
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p.a. well-decline, three new wells p.a. would need to be drilled. However, NZ’s economic 

policy settings changed dramatically in the 1980s, and the electricity sector was included 

in a drastic deregulation/privatisation process. This included the corporatisation of the 

NZED into the stand-alone company ECNZ (1987) and later spin-off in 1996 of a private 

company, Contact Energy, which became the owner-operator of the Ohaaki project in a 

period of uncertainty and falling power prices. Only six new wells were drilled in the 

production period of 1987-1997, and production declined significantly from 108 MWe-net 

to 45 MWe-net, with an average of around 80 MWe-net.  

• When Ohaaki was re-consented in 1998, the new Resource Management Act 1991 (RMA), 

with its emphasis on sustainable resource management, had come into force. The burden 

of proof for this was reflected in the commissioning and referencing of a separate reservoir 

modelling report, demonstrating the robustness of the system under the requested 60,000 

tpd (for around 70 MWe-net generation), supported by reservoir modelling. Contact 

requested consent for 30 years, but the main debate during the consent hearings focused 

on the continued subsidence, related uncertainties and effects on the community, resulting 

in the consent only being awarded for 15 years.  In the meantime, the deregulation and 

liberalisation of the electricity sector continued. The subsequent decade saw the creation 

of a liberalised NZ Electricity Market, with initially drastic drops in electricity prices until the 

mid-2000s, closures of old plants and several retailer bankruptcies. By the late 2000s, the 

droughts of 2001, 2003, and 2008 and the waning of the Maui gas field started pushing up 

power prices again and led the sector to target new generation investments. 14 new deep 

wells were drilled in Ohaaki’s less-explored West Bank, which resulted in good temperature 

profiles (up to 300 0C), but moderate permeability. Production peaked at 70 MWe-net 

average over 2008 but tapered off soon afterwards. By that time, many other geothermal 

systems were consented for development, including Te Mihi, Mokai, and Ngatamariki. 

• At the re-consenting of Ohaaki in 2013, the increased sustainability emphasis required 

separate resource sustainability and reservoir modelling reports to be presented and 

discussed, as well as a host of other reports on subsidence and other constraining factors. 

The six main scenarios modelled ranged from 35,000 – 45,000 tpd, with production up to 

40,000 tpd proven to be sustainable for 48 years (13 years more than the 35 yrs max 

consenting period). This would be able to sustain around 55 MWe-net (with a potential 

upside to 75 MWe-net if some of the old HP-units were to be converted to LP-units). The 

scenarios included 16-20 new wells to be drilled over the 35-48 years modelled. In the 

meantime, the electricity market had changed again with the 2008 Global Financial Crisis, 

a doubling of real power prices over the 2000s and continued attention to energy saving 

and climate change, leading to a flat-lining of electricity demand (and hence an over-supply 

of generation) in the decade from 2009 – 2018. Contact Energy focused efforts on floating 

certified green climate bonds for its hydro and geothermal generation, which excluded 

Ohaaki due to its high CO2 emissions. Contact also has significant additional generation 

capacity consented in Wairakei-Tauhara. Hence, only two new Ohaaki production wells 
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were drilled in that period until 2018. Ohaaki's generation has stayed more or less constant, 

around 40 MWe-net.  

 

Reviewing the different Ohaaki resource assessments over time and applying the proposed UNFC 

framework, a clear evolution over time can be seen as presented in Annex 4. 

As discussed in detail in Section 4.3.1, using the UNFC Framework is very useful to create a 

comparable overview of resource assessments for Ohaaki over time, with all its changing technical and 

market circumstances. 

 

Some of the technical lessons from the Ohaaki case on applying UNFC in New Zealand are: 

1) UNFC requires clear specifications of assumptions: Method used, units and technical 

assumptions, as well as economic (see Section 4.4.2).  

2) UNFC also specifically requires the reporting of total energy over the project period (GWh or 

PJ). However, New Zealand electricity market regulators and market participants are more used 

to planning with the rate of generation (MWe-net). This would be particularly useful in New 

Zealand in combination with consent expiry dates.  

3)  For geothermal systems in New Zealand, MWe-net by project years/consent end date seems 

to be the most appropriate measure, provided it is accompanied by a stated Capacity Factor 

(CF). The most common CF for geothermal power plants in New Zealand are 90 – 95%. In the 

Ohaaki case, 90% was generally used (unless otherwise specified). Newer plants generally 

have a CF of 95%. It is suggested that a CF of 90% is used as default in reporting; otherwise 

the CF should be stated. Rounding to the nearest 5 MWe is generally recommended. 

4) In New Zealand, geothermal projects are generally modelled and demonstrated for 50 years or 

more when applying for resource consents with a maximum of 35 years consent time. This is 

meant to demonstrate the geothermal system will still have additional energy available for future 

generations. Under UNFC, such additional (say) 15 years of project life would be seen as a 

separate project and should be listed separately and clearly indicated as a separate, 

subsequent project to prevent confusion with additional generating capacity (contingent 

resources) available alongside the present project. 

5) For portfolio overviews (including national generation potential and regional sustainable 

resource overviews), median, best (G1+G2) or P50 estimates are the most common and 

recommended resource estimates. This should be made specific. 

6) The UNFC classification system does not provide guidelines for quantification as SPE-PRMS 

does. Such a guide should be developed and agreed upon by the geothermal industry. The 

AGEA Geothermal Lexicon (AGEA, 2010b) would be a good starting point. This should help 

clarify and standardise important variables such as cut-off temperatures, recovery factors, and 

efficiencies used. 

7) Numerical reservoir models are the clear preference for accurate resource assessments in 

development/producing systems in New Zealand, provided they are well-calibrated with years 

of production data. For newer greenfield systems, this should be complemented with other 
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methods such as volumetric assessment (see Chapter 4), especially to estimate other classes 

of potentially commercial projects (contingent resources). 

 

. Final conclusions regarding the main research question and recommendations: 

1) Although New Zealand has one of the more explicit and strict definitions of (geothermal) 

sustainable resource management, its implementation in practice tends towards the weak 

sustainability side of the spectrum, with the gradual depletion of development systems over 

multi-generation timeframes (50-100 years) and fallow lying and recuperation over similar 

timeframes thereafter. 

2) This weak sustainability per geothermal system approach is complemented with a hierarchical 

portfolio approach, where all major high-enthalpy resources have been mapped (SKM-WRC, 

2002), and some systems are marked as ‘Protected’, some as ‘Development’ and some as to 

be further researched.  

3) This hierarchical portfolio approach does require regular and robust resource assessment for 

all geothermal resources (both Development and Protected) as technical, market and 

regulatory circumstances change over time, especially since geothermal production has 

doubled over the last decades and further expansion is expected (desired), while New Zealand 

strives for a low-carbon economy and electricity system. 

4) As seen in Chapters 3 and 4, while the sustainable management of individual geothermal 

systems seems to be functioning rather well (e.g., see case studies in Section 3.4), resource 

assessment is rather infrequent and varies considerably between systems and over time, and 

is focused on existing producing projects. Additional information-gathering and resource 

assessments of non-producing, protected, and contingent resources/systems are barely 

practised, endangering the stated hierarchical portfolio approach formulated to strengthen 

sustainable geothermal resource management in the NZ/TVZ. Such information is also 

necessary for national energy planning purposes. 

5) The RMA geothermal regulation is water-based; hence, consents are defined in terms of 

volumes of fluid extracted and reinjected (tpd). The exact MWe (GWh) produced are less of a 

concern for the regional regulating authorities (regional councils), and reporting updates are 

often less clearly defined in max/planned production, net/gross, etc. and vary per system 

(developer/peer review panel). As this type of (consistent) information is important at a national 

energy planning level, the recommendation would be to require regular (e.g., every five years) 

updates of geothermal generation potential, using a common, well-defined standard, in 

particular using the proposed UNFC classification system; well-discussed and coordinated with 

regional and national authorities, as well as developers. This could be done in line with the 

required five-yearly reservoir model update and System Management Plan. 

6) Under the present NZ geothermal RMA regulations, developers only need to demonstrate 

resource availability at the moment of applying for a production consent and only for the project 

resource to be consented to. As the RMA-regulation requires councils to apply a ‘precautionary 

principle’, successful resource applications will generally be conservative and well-proven with 
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numerical reservoir models and other data sources. Such resource assessments can therefore 

be seen as ‘best estimate’: E1 F1 G1+G2. Such resource consents and reservoir modelling 

reports are generally publicly available, so resource assessments of commercial (producing) 

projects are relatively easy to estimate in NZ. 

7) For non-producing geothermal projects (potentially commercial, E2F2), there are no reporting 

requirements under the RMA. This severely limits the amount of planning information available 

for contingent projects. National (energy planning) authorities (such as MBIE and Transpower) 

need to work together with regional authorities and other experts to fill this gap. Recently, MBIE 

and Transpower asked Lawless et al. (2020) to draft a ‘Future geothermal generation stack’ 

report as a first rough effort to fill this gap. The UNFC framework can help integrate this into an 

overall comprehensive overview, enhancing understanding (see Annex 6). 

8) Most NZ geothermal systems have been explored and drilled by the government in the 1960-

1980s, so for most systems, preliminary exploration data, such as geochemical, temperature, 

and resistivity profiles are available, which can be the basis for high-level assessments (e.g., 

SKM-WRC-2002 volumetric stored heat assessment, more like E3-F3/F4). This can also be 

integrated with UNFC (see overview Annex 6). 

9) Because of the split responsibilities and lack of coordination between national and regional 

authorities in New Zealand in managing geothermal energy resources, no recent national or 

regional assessments of NZ geothermal resources have been done. The last ones were in 2002 

by regional councils (WRC) and an industry body (NZ Geothermal Association). 

10) This should be improved upon to facilitate better sustainable management of these geothermal 

resources, especially as the pressure on developing further low GHG emitting geothermal 

generation resources rises; from around 400 MWe in 2002 to 1,000 MWe in 2019, to possibly 

2,000 MWe in the coming decades (Lawless et al., 2020). 

11) Using a common resource assessment framework is seen as a first step. This should be done 

in close consultation with the sector/industry, but the recently approved UNFC Framework 

Classification and Geothermal Specifications would appear to be an excellent starting point. An 

adapted, simplified version of the UNFC framework has been developed in this thesis and 

tested on the Ohaaki case study over time. This has provided valuable insights and lessons on 

Ohaaki and UNFC (see above under Chapter 4). 

 

How could the UNFC geothermal resource classification framework help improve 

sustainable management of (regional) geothermal resources in New Zealand? 

1) The sustainable management of geothermal resources in New Zealand is based on weak 

sustainability (controlled depletion over multiple generations, then resting) of development 

systems, as part of a portfolio which is complemented with the protection of another set of 

resources for future generations (a hierarchical approach – see Chapter 3).  

2) Hence, the monitoring challenge is not just for sustainable management in each individual 

system/project, but monitoring the whole portfolio (by region, but preferably also all the regions 

together, which does not happen at present). 
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3) For useful comparison and monitoring, a common energy resource assessment framework is 

needed. No such common framework is being used now, and assessments for different 

systems are not easy to compare (more so because regulation is water-based and consents 

are specified in tpd, not energy terms). Nor is it possible to properly compare a prospective 

resource in a protected geothermal system with the resource assessment of an actually running 

geothermal power plant or what additional capacity might be available in the latter case. 

4) When choosing a resource assessment framework, it needs to be able to support the 

assessment and classification of geothermal projects/sytems at different stages (exploration, 

drilled, commercial, etc.) in enough detail, but also simple, understandable, and transparent 

enough for interested parties to work with it easily (e.g., such as PRMS used in the petroleum 

sector). Both the Australian Code and UNFC fit these criteria regarding geothermal projects. 

No other widely recognised geothermal resource assessment frameworks exist.   

5) Pre-2008, there were no globally recognised systems available. The Australian/Canadian 

Code, introduced in 2008 (and improved in 2010), started making some global headway. It is 

similar to PRMS and easily understood in the energy/mining sector (which shows many 

similarities with the geothermal sector). The UNFC framework and Geothermal Specifications 

introduced in 2016 are actually more complicated with its three - rather than two - dimensions, 

but the Australian Code is not maintained anymore since the advent of UNECE-IGA 

Geothermal Specifications (2016).  

6) The UNFC framework has some advantages: 

- It specifically requires the reporting of not only estimated capacity (with clarity of net/gross and 

for what use) but of the length of use (years of expected generation) and/or total energy. This 

way, the length of consents (remaining) is specifically incorporated, which is an important 

aspect, especially in the New Zealand context. 

- The UNFC framework specifically mentions it can be adapted to local circumstances and 

national needs (as long as the same principles are retained), which makes it a powerful tool in 

the NZ context with its special regulatory system. 

7) In this thesis, the UNFC Framework was adapted to the New Zealand situation in order to 

achieve the following: 

- Be simpler and emulate the PRMS with its three summarising categories (prospective 

resources - contingent resources, and proven reserves – see Annex 6); this should help 

recognition in the (geothermal) energy and resources sector. 

- Adapt the geothermal categories to include typical NZ regulation and market issues, e.g., 

WRC/regulator's 'sustainable resources overview' (close to prospective resources, but slightly 

re-defined), and the 'contingent resources' category, which is challenging to get information on 

in NZ, as there is no publication of information from geothermal exploration results due to the 

lack of geothermal exploration licenses. 

- Apply to the Ohaaki case study, which led to some technical lessons learnt (see Section 4.3 

and above). 
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8) Applying the same approach to all of New Zealand’s geothermal resources would lead to a 

preliminary overview as in Annex 6. This would suggest that in total, there might be around 4 

GWe of high enthalpy geothermal resources in NZ, but much of this is protected. Around 1 

GWe has been developed (with consent expiration ranging from 2021 – 2051) and around 1 

GWe available, as contingent resources in the coming 40 years. 

9) The preliminary UNFC-overview in Annex 6 needs to be verified and regularly updated, but 

would seem a good starting point for questions and discussion, e.g., can present projects with 

consent dates expiring soon expect to be re-consented? Does this interfere with potential 

contingent resources? Also, more normative questions could be asked, such as: Are sufficient 

geothermal resources protected, and is there sufficient geothermal energy available for use by 

future generations?  

10) Whereas in the petroleum sector, annual updates of resource assessments is a common 

reporting requirement, in the geothermal sector – with its slower resource changes and more 

stable electricity market prices – a five-yearly basis would make sense in New Zealand, as this 

coincides with the same timeframe for the updating of System Management Plans and 

numerical reservoir models (Campen & Archer, 2016).  This would provide regular updates for 

the producing geothermal systems. Other contingent and prospective resources would still 

need to be assessed separately. 

11) Recent debate and government policy in New Zealand has increased the policy preference on 

low-carbon power and energy sources. This has revived the interest in using more low-emission 

geothermal resources, but this might create tension with the limits of sustainable geothermal 

resource management per se. Recent work (Campen van & Suomalainen, 2020; McLean & 

Richardson, 2019; Lawless et al., 2020) has shown that a better understanding (as well as 

standardisation and information exchange) of variable geothermal emissions is required, as 

different emissions and assessed resource assumptions can have a significant impact on the 

viability of such low-carbon geothermal projects in the coming decades. 

 

The present research and overview in Annex 6 has focused on geothermal resources and emissions 

for power generation, but the same questions should be answered on geothermal resources for direct 

heat use, which has growing interest and demand in New Zealand. The UNFC framework is specifically 

geared to be able to transparently report on multiple ‘end products’ (e.g., direct heat and/or power 

generation). In the Ohaaki case, heat delivery to the Lucerne drying facility (since ceased) and the wood 

drying facility (ongoing) was never explicitly included in the resource assessments as the amounts are 

small and based on waste heat. On the other hand, New Zealand has some large direct geothermal 

heat use facilities (Kawerau and Mokai) and more potential in the future. In many cases, these facilities 

use waste heat but sometimes use hot geothermal fluids directly. Hence, it would be important to 

distinguish between such cascade use and direct use of geothermal system fluids. The reporting would 

likely have to include some sets of gross and net primary energy use, as well as the end product (e.g., 

net heat delivered). Direct heat use might, in some cases, compete with power generation, but in many 
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cases, the use of geothermal waste heat would complement power generation and make overall 

resource use more economical and efficient. 

 

The suggested standardised UNFC-based resource assessment guidelines could be promulgated via 

instructions to the existing peer review panels (simplest regulatory intervention), but their use should 

be coordinated and aggregated between regional regulators, the geothermal industry, and preferably 

national agencies such as MBIE and Transpower. If proven difficult and/or contentious, this could be 

included in new regional geothermal policy guidelines. Finally, this could be promulgated via National 

Policy Statements, but this would be a longer-term, more complex process, which would require more 

consultation, including between the regions (Northland, Waikato, and Bay of Plenty) and national 

regulators (MBIE, Transpower). 

 

Some of the above learnings and recommendations on sustainable management of geothermal 

resources in New Zealand and application of the UNFC Classification Framework could be useful for 

other countries as well. 
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Annex 1: Ohaaki Wells Drilled (Thain&Freeston,1985-1995-2000; Contact-AR, 1996-2018)  

  

Year Drilled Well Number BR Type of Well*
Total Depth 

(metres)
Maximum Temp C

Flowing Enthalpy 

(kj/kg)
Flow Rate (kg/s)

65 1 E/P/I 1,396 225

66 2 E/P 1,034 275 1200 70

66/67 3 E/P 912 245 1500 150

67 4 E 1,019 234

67 5 E 1,350 200

67 6 E/I 1,082 180

67 7 E/P 1,119 282

67 8 E/P 1,334 293 1200 75

68 9 E/P 1,368 300 1400 50

68 10 E/P 1,087 280 1400 22

68 11 P 760 258 1150 75

68 12 E/I 1,369 286

68 13 P 1,080 266 1300 70

68 14 P 1,282 292 1400 25

69 15 E 2,418 304

69 16 E/I 1,404 280

69 17 P 1,082 264 1200 50

69/70 18 P 1,215 274 1700 40

70 19 P 1,078 276 1250 110

70 20 P 1,205 276 1200 400

70 21 P 1,120 280 1600 40

70 22 P 1,016 290 1200 55

70 23 P 1,097 270 1100 60

70/71 24 P 1,843 296 1300 30

70/71 25 P 1,255 286 1270 110

*Note: most/lengthy well testing done before 1971 + most cores analyzed by DSIR (MWD, 1977 June)

74 26 E 1,518 288

74 27 P 1,162 282 1270 70

74 28 P 1,213 270 1300 70

74 29 E/I 1,023 262

75 30 E/I 1,145 256

75 31 P 1,252 274 1100 60

76 32 E 1,269 205

76 33 T/I 358 148

78/79 34 E 2,587 112

78 35 P 1,374 297 1150 85

78/79 36 P 1,402 288 1800 40

80 37 I 1,402 203

81 38 I 1,554 256

81 39 I 1,616 214

82 40 I 455 130

83 42 P 1,250 282 1200 45

83 43 P 1,546 292 1250 70

83 44 P 1,555 268 1300 50

84 45 P 961 265 1300 110

1986 46 I -DATA NOT AVAILABLE FOR GENERAL RELEASE

1993 BR 41 (redrill) I 428 Confidential Commercial Data

1995 BRM-12 Monitoring well 25

1995 47 unsuccesful 2,986

1995 48 P 2,284

1995 49 P 2,798

1995 redrill-15 = deepened P 2,115

1995 redrill-42B = deepened ? 1,509

2003 50 unsuccesful

2005 51 P 1,193 Connected SP5 January 2006

2006 52 P 2,092 Connected SP2 October 2006

2006 53 P 1,989 Connected SP2 June 2006

2006 54 P 2,026 Connect SP3 January 2007

2007 55 I 637 Connected October 2007

2007 56 P 2,478 Connected SP1 October 2007

2007 57 P 2,295 Connect SP2 March 2008

2007 58 P 1,862 Connect SP2 March 2008

2007 59 P 2,464 Connected SP3 August 2007

2007 60 P 2,404 Connected SP3 August 2007

2007 61 P 2,011 Connected SP3 August 2007

2007 62 I 872 Connected March 2008

2009 64 ? 2,053

2009/10 65 ? 2,403

2013 66 P 2,783 Connect June 2015 Expect: 3-5 MW

2013 67 P 2,290 Connect Sept 2015 Expect: 3-5 MW
2018 68 I ? n/a

Combined steam 

addition of around 

15 Mwe (Thain, 

2000)
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Annex 2: Overview Ohaaki Resource Assessment Parameters 

 

 

1st consent period 3rd consent period Historic: 1988-2017

1a) 1977 assessment for 

1978 consent application

2a) 1997-model for 1998 

reconsent application

3) 2012-model for 2013 

reconsent application

4) Grant (2017) ex-post 

analysis

Source

 MWD (1977), 

complemented with  Grant 

Technical report 71 (1977)

O'Sullivan & Newson 

(1997)

O'Sullivan & Cleartwer 

(2013)
Grant (2017)

Assessment method

Volumetric assessment 

complemented with lumped 

parameter model and well 

decline analysis

Numerical reservoir 

model with 2 scenarios

Numerical reservoir model 

with 6 scenarios

Ex-post historic 

production analysis and 

volumteric assessment

Size and other descriptors 

of the model
Single block 2,048 blocks

Median/mode (P50) for 

single-block
22,819 blocks Single block

Model fit n/a moderate fit n/a EOS includes CO2; good fit n/a

Size of the field modelled 

(area, km2)
4 ? 10 10.6 4

Thickness (m) 2000 ? 2,100

between layers 10 (-350 

mRL) and 20 (-1825 

mRL) = 1475 mtrs

1,900

Total volume (km3) 8 17.7 21 17.3 7.6

Hot volume (>TRef; km3) 8 12.7 21 15.5 7.6

Average temperature (C) 

@ natural state
270 245 270 279 275

Reference temperature 

(C)
180 180 180 180 150

Recharge assumptions 

(MWth)
None 35.5 100 119 None

Liquid saturation, Swi Not given. Assumed: 1 Calculated in model 1 Calculated in model Not given. Assumed: 1

Rock grain density (kg/m3) 2500 2500 2700 2500 not given 

Rock grain specific heat 

(J/kg.C)
800 900 900 900 not given 

Average permeability/ 

porosity/void space (%)
8% 15.1 8 9.9 6%

1977 - main estimate 1997 - main scenario 2001 -median (P50) 2012 - main scenario Grant-historic

1966-natural state 2,530 1,897 3,473 3300

1988 1,888 3,463

1997 1,885 3,393

2001 1,852 4,530 3,382 n/a

2012 1,796 3,338

2025 1,756 3,277

2035 1,729 3,236

2048 3,189

2060 3,144

Reinjection n/a
Reinjection, but details 

not stated
n/a

Around 1/4th of heat 

taken reinjected (in- and 

outfield)

n/a

Production wells to be 

drilled
3 new wells p.a.

6 wells over 15 years ~ 1 

well every 2.5 year
n/a

16 wells over 35 years ~ 1 

well every 2.2 years

15 new wells drilled over 

30 years

Assumed plant efficiency 12% Not given 12.6% Not given Not given

Gross generation (MWe) 100 80 130 Not given Not given

Net/Gross losses assumed 8-10%
plant data ~ 10% losses 

Net-Gross
not given; assume 10%

plant data ~ 10% losses 

Net-Gross
Only Net given

Net generation (MWe) 92 70 117 55 60

Assumed plant capacity 

factor
80% 90% 90% 90% 95%

Average generation pa 

(GWh-Net)
645 591 922 390 499

Expected/modelled years 

of generation
30 30 30 50

Consented years of 

generation
20 15 n/a 35

5. Stored heat 

(PJ)

6. Production 

assumptions

7. Generation 

assumptions

30 yrs (historic 1988-

2017)

2nd consent period
2b) SKM-WRC-2002 

Waikato resource 

assessment

1. Source and 

method

SKM-WRC (2002)

Volumetric assessment 

(probabilistic) with 

range of parameters

2. Model size 

and fit

3. Fluid 

assumptions

4. Rock 

assumptions
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Annex 3: Historical Production and Generation Data (Author; Contact-AR 1998-2018) 

 

  

Mass Heat Mass Heat Gross Net

(kt) (TJ) (kt) (TJ) (GWh) (GWh)

1988 1,999 1,996 862 559 11 1

1989 14,476 19,655 8,273 1,503 475 60

1990 16,215 25,152 10,009 883 888 815 103

1991 16,416 25,714 11,207 792 955 886 112

1992 17,282 25,792 12,715 541 938 867 110

1993 16,923 25,461 11,839 991 934 864 110

1994 16,280 21,652 11,740 507 852 779 99

1995 16,363 21,590 12,807 602 744 674 85

1996 15,976 19,788 11,229 500 687 616 78

1997 14,340 18,167 10,989 383 591 528 67

1998 13,148 15,964 9,557 349 512 458 58

1999 10,809 13,585 7,238 331 411 376 48

2000 10,086 12,581 6,446 522 353 311 39

2001 12,035 13,888 8,513 246 366 322 41

2002 11,841 13,503 8,613 302 355 317 40

2003 10,411 12,130 7,198 369 306 277 35

2004 10,772 11,757 7,367 256 309 281 36

2005 10,011 11,304 6,464 277 287 260 33

2006 11,485 12,179 7,359 283 324 290 37

2007 10,668 12,275 6,940 291 386 340 43 1 HP, 1 IP

2008 13,798 18,723 8,431 305 624 549 70

2009 14,982 19,300 9,374 374 605 534 68

2010 13,140 16,328 7,854 423 461 409 52

2011 11,910 14,632 6,386 661 382 340 43

2012 10,372 12,896 5,310 610 401 357 45

2013 10,253 12,670 5,306 533 362 325 41

2014 8,699 10,949 4,298 423 302 271 34

2015 10,057 12,618 5,687 3,179 383 363 326 41

2016 9,700 12,709 5,418 2,888 617 366 331 42

2017 9,958 12,894 5261 2,644 826 372 338 43

2018 9,099 11,142 4,087 2,045 622 306 275 36

Year 

Production Reinjection

 Ohaki 

Ngāwhā &

Fumaroles 

(kt)

Generation

Average 

MWe-net 

at 90% CF

Turbines 

operating

2 HP (full 

load) & 2 IP 

2 HP & 2 IP 

(part-load)

2 HP & 1 IP

1 HP & 1 IP

2 HP & 1 IP 

(part-load)

1 IP, HP 

mothballed

1 HP, 2 IP

1 HP (part-

load), 1 IP

1 IP, HP 

mothballed
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Annex 4: Resource Assessment Ohaaki over Time with UNFC 
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Annex 5: Overview of Ohaaki and Development Stages over Time 

Period 1950s-60s 1970s 1980s 1990s 2000s 2010s 

Regulation & Market 

- pre-WSCA;  

- Wairakei presumed to 
reach limits;  
- ECNZ builds large hydro 

stations.  
- 1969 Maui gas find. 

- WSCA (1967) 
- 1970 Oil Crisis 

- 1973&1974 droughts 

- Drive to diversify from 

hydro generation 
- Construction of gas-fired 
plants 

- Preparations for 
electricity privatization 

- RMA (1991)  

- Electricity Market 
Privatization  
- Contact acquired Ohaaki 

in 1996  
- Low electricity prices 

- 2001&2003&2008 

droughts 
- End of Maui 
- Fast rise of electricity 

prices over 2000s 
- 1st wave private 
geothermal development 

- 2nd wave private 

geothermal development;  
- 2009-2018: stagnation in 
electricity demand; 

- Closures of thermal 
plants 

Exploration/Drilling/Construction 

- 1937 & 1960-1971: 
surface geoscientific 
surveys; 

 - 1964-1971: 23 wells 
generally 1100-1400mtrs 
(1@2400); 

- 1971: Geothermal 
investigations stopped 

- 1973: restart Ohaaki 
exploration 
- 1974: Electric Power 

Plannning Committee 
recommends 150 MWe 
Ohaaki plant 

- 1974-1988: 20 wells 
1100-1400mtrs  

1988/89: Ohaaki 
commissioning 108 Mwe 

(net; 116 MWe gross); 
30%+ steam surplus; 14% 
expected decline => redrill 

in ca 5 yrs; 3 wells p.a. 
planned 

1995: 5 wells 2300-3000 
mtrs 

- 2005-2009: 14 wells 

2200-3000 mtrs;  
- 2007-2011: Field-wide 
MT-surveys 

- 2013: 2 wells 2800-3000 
mtrs 
- 2018: 1 well 

Consent   

1978: crown water rights 
(WR959&WR-960) 
103,200 tpd for 20 yrs; full 

reinjection (116 MWe 
gross)  

Ohaaki lost 10 years of its 
consent-time: 10 years left 

after 1989 

1998/99: re-consent under 

RMA: 60,000 tpd take (80 
Mwe) for 15 years;  
- 54,000 tpd re-inject;  

- also max 80 (TJ p.day -
gross/net? Take) 

WRC Regional Policy 
Statement: Development 
Systems (like Ohaaki) with 

'controlled depletion' vs. 
Protected Systems 

2013-re-consent: 40,000 
tpd take for 35 years (40-

70 MWe) 

Models & Resource Assessments   

1970s: first lumped 

parameter models & well 
prodction/decline analysis 
1974: MWD-report: 150 

MWe (addition of all well-
potentials?);  
1977-MWD: expected 14% 

pa annual run-down 
(production decline 
analysis) & 3 new wells p.a 

- 1983-1989: first simple 
numerical reservoir models 

of Ohaaki  
- Supporting/confirming 
existing resource 

assessments 

1997/98 Updated UoA 

reservoir model used to 
support consent 
application: 60,000 tpd, 80 

MWe 

- SKM (2002): 120MWe 

(stored heat; median, 30 
yrs) 
-2004&2009: Reservoir 

Modelling Updates (source 
Contact-AnnualReport-to-
WRC-2003: Tough2; 6455 

blocks) 
-Support 2005-2009 
drilling campaign 

- 2011-2012/3: Newest 

model (22,816 blocks) runs 
for Ohaaki re-consent; 
Contact-2013-report-to-

WRC: 2013)  
- 2013: Reservoir 
simulations (6 scenarios + 

stored heat calculations) 
support consent 
application (40,000 tpd) 

Actual production 

  

  

Ran at full 108MWe 
capacity 1989-1993, but 

never used more than 
47,300 tpd annual average 
(1992) 

In 1990 declining well 
production, scaling & low 

market prices led to 
gradual production decline; 
1996 'formally' derated by 

10 Mwe 

2001: derated by 38 Mwe; 

2005: derated by 16 Mwe; 
2007: rerated by 10 Mwe 
40-65 MWe production 

- 40-45 MWe average 
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Annex 6: NZ geothermal resource overview according to UNFC (including contingent 

resources and consent dates) 

 

 

 




