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Abstract

Policy makers and planners are becoming more and more aware of the impact of hu-

mankind’s combined consumption on the planet, both in terms of environmental impact

and in terms of the shrinking amount of resources remaining to us that will be needed to

support future generations. Sustainable development is no longer an option to postulate for

one day in the future; the question now is how we can strategically approach infrastructure

development so that sustainable practices are embedded into the structure of society while

living standards continue to increase globally in line with modern expectations.

Due to the limitations in our knowledge of how to operate a society in a sustainable

manner, many approaches have been mooted, but none have yet been widely adopted.

Small-scale experiments have arisen spontaneously in diverse settings and ranging from

solid waste management to food supply to electricity generation; however, holistic solutions

have stalled in the theoretical stage. Currently, it is simply too complex and too difficult

to sustainably provide all human needs (broadly: food, water, energy, and materials) in all

areas of society (residential, commercial, and industrial) as inputs and outputs; in other

words, society’s metabolism.

Small island developing states (SIDS) present a special case for sustainability. These

are generally remote countries with small populations and very limited resources, often

heavily dependent on remittances and imports from overseas, making them some of the

least resilient societies in the world. They stand to benefit hugely from strategic sustainable

development, while also acting as a microcosm for testing the implementation of holistic

sustainability practices that larger countries or regions could replicate.

This research presents a needs-based anthropogenic model of a societal metabolism’s

formal and informal infrastructure systems, drawing on the well-established principles

of industrial ecology and its more recent quantitative methodologies, namely urban

metabolism (UM) and material flow analysis (MFA). The methodology and model developed

in this research are used to determine the carrying capacity of a country and thus quantify

its self-sufficiency and sustainability, and where targeted infrastructure development would

make the most difference to sustainable operation. This model is tested as a proof-of-

iii



iv

concept with a case study SIDS, on Samoa, a geologically young group of islands in the

South Pacific with a moderately small population of 184,000 (and an equivalent annual

tourist population of 5,000).

Infrastructure systems are a crucial element in determining the carrying capacity

and sustainability of a society. Their role has been acknowledged in the literature, but

their interactions and interdependency on one another, and with the societal metabolism

they serve, has not been well studied in a sustainability context. The UM-MFA hybrid

methodology developed for this research is a novel contribution to the body of knowledge,

that combines the advantages of both urban metabolism and material flow analysis

into a detailed planning tool that disseminates processes, consumption, and production

by tracking flows of resources through infrastructure systems. Furthermore, it has the

demonstrated potential to be developed into a dynamic predictive model, which has

not previously been achieved with urban metabolism or material flow analysis. The

model provides insight into carrying capacity and analyses planned projects for their

impact on future potential carrying capacity, and quantifies the interrelationships between

infrastructure systems, which may enable authorities to identify opportunities to improve

their efficiency and enhance planning for sustainable development. The working model

created for Samoa demonstrates that the methodology is successful in addressing the

research objectives.

Modelling Samoa’s societal metabolism consisted of constructing a static snapshot

conceptual and quantitative model of resource flows moving through Samoa’s infrastructure

systems according to consumption of basic needs (food, water, energy, and materials).

The UM component shows input and output totals, allowing comparison with other places

and offering a degree of characterisation of the kinds of needs and wants encompassed by

that particular society, and the materials flow analysis component shows infrastructure

systems used to supply those needs and wants. As cultural aspects influence consumption

behaviour, and geographical aspects influence present infrastructure and potential infras-

tructure development, it was important to first gain this understanding of location-specific

characteristics, and these will be different for every society, so this is necessarily a first

step with this methodology, and is also a key element in interpreting the results.

Results showed that Samoa’s total mass inflows were 54,210,000 tonnes per year

for the 2009 averaged societal metabolism. Of this, 53,301,000 t/year (95%) is water.

Energy inflows totalled 5,098,000 GJ/year. By metabolic category, food input was 1.3

t/capita/year; water input was 271 t/capita/year; materials input was 13.4 t/capita/year;

and energy input was 20.8 GJ/capita/year. Samoa’s food and water inputs are high

compared to other locations where similar studies have been conducted; energy and
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materials inputs are much lower than other locations. These inputs correspond (after

exports and efficiency losses) to a consumption level of 1.0 t/capita/year for food (3,680

kcal/capita/day by energy); 187 t/capita/year for water; 13.0 t/capita/year for materials;

and 7.5 GJ/capita/year for energy. Materials had the highest efficiency of use (at 97%),

probably because this category mainly comprises finished goods imported into Samoa, that

can’t be manufactured locally. Energy had the lowest efficiency of use (at 36%), because

of Samoa’s dependence on old and inefficient diesel generators for electricity production.

Samoa’s outputs totalled 2,131,000 t/year, or 11.3 t/capita/year, of which 1,404,000

t/year (66%) is domestic wastewater. Wastewater output was 7.4 t/capita/year, low

compared to the water input and low compared to other locations; this is probably due

to the type of toilets commonly used in Samoa and the dewatering role of septic tanks

and pit latrines, the main types of sanitation infrastructure on the islands (they also

chronically leak, causing increasing contamination of groundwater). Atmospheric emissions

are the second largest output category at 3.0 t/capita/year, mainly consisting of CO2

emissions. Samoa’s solid waste output was 142,000 t/year, or 0.8 t/capita/year, which

was low compared to studies from other locations. 21,000 t/year of organic solid waste

(15% of all solid waste) was redirected within Samoa’s societal metabolism, reducing

its environmental impact; this mainly comprised food scraps and green waste which is

fed to livestock or composted, respectively. Other solid waste vectors include landfilling,

emissions to atmosphere, runoff to sea, exported recycling, dumping on land or in lagoons,

and burning.

In terms of sustainability, which is taken here to represent fully local production of

basic mass goods (in each metabolic category) as a means of providing self-sufficiency,

Samoa is only completely sustainable (100% local supply) in water; local supply of food,

materials (including CO2), energy, and materials (excluding CO2) is 79.1%, 49.3%, 21.3%,

and 7.1%, respectively. Samoa’s carrying capacity for the 2009 societal metabolism, based

on the category with the lowest local supply proportion (materials, excluding CO2 uptake

by vegetation), is 13,514 people, compared to a total local and transient (tourist) equivalent

population of 189,274. Because it is a function of both supply, which can be altered by

infrastructure and technology, and demand, which can varying depending on levels of

consumption, the carrying capacity will change. Samoa’s available resources (local and

total, the latter including imports) and its 2009 levels of consumption were thus analysed

against sustainability recommendations, basic human needs, average developing countries’

consumption, and average developed countries’ consumption, to quantify the carrying

capacity for various levels of demand, and 2009 total and local supply, and potential local

supply, against these reference values.
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Local food production could be increased through the Samoan Government’s plans to

increase agricultural productivity by an extra 18,500 t/year, which would increase local

production to 104% of 2009 consumption. Combined with a demand reduction to the

recommended long-term sustainability level, Samoa could support over 230,000 with local

food production. This would also address their high food intake, which may be a cause of

the high incidence of obesity in Samoa.

Although water is currently fully sustainable, efficiency gains and guttering on cor-

rugated iron roofs could increase local supply by 15,404,000 t/year, meaning that if the

population were to increase by an additional 50,000 people, water consumption levels

could remain the same as at 2009. At lower consumption levels, Samoa’s water supply

could support over two million people, a population level unlikely to be reached for at

least a century.

Energy shows the greatest potential for local sustainable development, with up to

944,000 GJ/year additional supply through capacity expansion and demand reduction,

which would raise the local production proportion to between 45% and 125% (depending on

efficiency). This would be achieved by producing biodiesel from coconuts, and bioethanol

from breadfruit, and embarking on renewable electricity generation projects, including

hydropower, on-grid solar, and wind power generation.

Materials is not a category for which the Government has planned new supply projects,

but opportunities have been identified to close the loop by reusing waste products, and by

making better use of locally available construction materials, which would increase local

supply to 55%. In order to improve local carrying capacity of materials, building design

and construction materials should preferentially move away from reliance on imported

steel and pre-cast concrete, and towards traditional (locally-abundant) building materials

such as wood, copra, rock, dead coral, and sand. This may involve harvesting volcanic

rock from lava fields and crushing it to the correct size, and should involve a sustainable

forestry management plan to enable long-term wood harvesting. A shift from woodfuel to

electricity for cooking (in line with present trends) should further support this, freeing up

to 42,000 t/year of wood for other purposes.

Although Samoa was not sustainable in 2009, and was not on a sustainability trajectory

at that time, the proposals outlined by the Samoan Government and this research would

shift Samoa’s development path to a more self-sufficient, and more sustainable, future.

With management of both supply and demand, Samoa could become fully self-sufficient in

three of the four main metabolic categories (food, water, and energy), and more than half

self-sufficient in materials (including CO2).
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Chapter 1

Introduction

1.1 Background

Small island nations have, in general, existed precariously from the time of their original

settlement. Their isolation and limited pool of resources meant that continued human

habitation depended on maintaining a balance with the natural environment. Islands

where settlement has continued for centuries or even millennia are a model for sustainable

development that the rest of the world could learn from (Kerr, 2005). And yet, at present,

the continuing viability of many small island developing states (SIDS) is under pressure

from factors including climate change, sea-level rise, and SIDS’ usually high dependence on

imported food, energy, and manufactured goods; as a result they are becoming high-risk,

low-resilience societies (Fazey, Pettorelli, Kenter, Wagatora, & Schuett, 2011; Storey &

Hunter, 2010). This will require an understanding of the carrying capacity of an island,

i.e. its ability to support its own population, and how this may be strengthened by the

island’s individual infrastructure characteristics.

The notorious case of the people of Easter Island demonstrates the vulnerability of

small islands to external forces. According to the predominant school of thought, the

Easter Islanders (Rapanui) cut down too many trees, resulting in increasing soil erosion

and decreasing crop yields, which led to civil war, starvation, and the destruction of their

society, with only a small number of survivors remaining (Diamond, 2005). Recent research

has suggested that, on the contrary, the Rapanui were skilled agriculturalists. When they

arrived on the island they brought with them the Polynesian rat to establish a population

for hunting. Unbeknownst to them, the rat’s appetite for the seeds of the Easter Island

palm would mean that the island’s dominant but slow-regenerating tree species would soon

1
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become extinct (Flenley & Bahn, 2003). However, according to the alternative theory,

this deforestation did not mean the demise of the Easter Islanders; they could not farm

the forest, but used the fields to grow their population to a small but sustainable number,

the same number that greeted the European explorers of the 18th century (Bloch, 2012).

Whether Rapanui society collapsed due to unsustainable deforestation or survived due to

its sustainably small population, the message is clear: small islands must respect their

natural limits to ensure ongoing habitation.

Easter Island is not an isolated example. Kirch’s comparison between two small Pacific

islands, Tikopia (situated in the Solomon Islands) and Mangaia (situated in the Cook

Islands), demonstrates the influence of cultural and environmental factors on maintaining

a sustainable balance (Kirch, 1997). A timeline of sustainability traits for each island is

shown in Figures 1.1 and 1.2. Mangaia, a very old volcanic cone ten times the size of

Tikopia, supported a population five times less dense. As Mangaia became deforested by

its Polynesian colonisers to cultivate crops and livestock, the natural ecosystem was unable

to regenerate due to its phosphorus-poor and increasingly eroded soils; the population

crashed, and there is evidence that islanders resorted to eating rats and even cannibalism.

The strain of high population density in a highly degraded ecosystem led to a severe

cultural response and governance by terror.

By contrast, the islanders of Tikopia (just 4.6 km2 in size), started off with the same

agricultural strategies of their Mangaia relatives, but soon recognised the need to adapt

their resource management strategies. They diverged from the traditional path and instead

created food supply systems that structurally mimicked the rainforest’s natural multi-

storey diversity, allowing food to grow more densely than in a monoculture. The Tikopians

sourced their protein entirely from the reef and open ocean, leaving the maximum land

area for crops; they stopped burning the forest and eliminated domestic pigs that would

have been incompatible with the layered orchards. From a social perspective, sustainability

came at a price: various measures of population control were employed, including celibacy,

prevented conception, abortion, infanticide, ‘sea-voyaging’ (suicide), and more recently,

expulsion of a portion of the population. Only after the Christian missions arrived and

interfered with these measures did the population grow from 1,200 in 1929 to 1,753 in

1952; at this level, the population exceeded the island’s productive capacity to respond

to natural disasters, and following two major cyclones within the space of two years, the

island fell into famine (Kirch, 1997).

Importing a high proportion of their consumer needs artificially expands the carrying

capacity of these islands, based on the (so far) relatively cheap energy provided by fossil
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Figure 1.1: A diagrammatic model of key signals of environmental change on Mangaia
over the past 5,000 years. Source: Kirch (1997).

Figure 1.2: A diagrammatic model of key signals of environmental change on Tikopia over
the past 3,000 years. Source: Kirch (1997).

fuels, which have globalised trade and allow even these small, isolated, resource-poor

communities to share in the modern Western lifestyle. Yet the question over what will

happen to shipping as oil prices continue to fluctuate wildly has not yet been answered.

Small-scale trials using sails to reduce fuel consumption have seen some success, but

the shipping industry remains overwhelmingly dependent on oil. If shipping to far-off
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islands becomes economically infeasible, islanders may be left unable to maintain the living

standards to which they have become accustomed. Predictions for climate change and

its associated sea-level rise promise a difficult future for SIDS too. Like elsewhere in the

world, temperatures will rise, weather will become more extreme, and many atolls and

low-lying islands will be permanently inundated (Mimura et al., 2007).

Sustainable, resilient development is a necessity for SIDS if they are to ensure their

ability to maintain (or improve) their populations’ quality of life in the face of these

challenges. Infrastructure that supports sustainability is a key element in sustainable

development, but SIDS have historically had major issues with infrastructure development.

Small, dispersed populations, combined with few natural resources and limited funds,

reduce the efficiency of infrastructure development via economies of scale (Kerr, 2005). The

improvement of SIDS’ resilience through sustainability-focussed infrastructure development

will be a crucial element to their planning processes in the coming years. This thesis

intends to examine the sustainability pathways and future requirements for sustainable

development in depth for a typical SIDS nation, using a case study and novel model

development.

1.2 Small Island Developing States

Small islands generally have small impacts globally, in terms of size of population or

economic or environmental impacts, but a key feature is that they are (depending on

boundary definition) closed systems, which makes them interesting case studies for study

and analysis. In addition to this, they have their own set of characteristics which warrant

further study, especially in the arena of sustainable development.

1.2.1 Development Issues

Small island developing states have a unique set of development issues, most of which relate

to issues of scale and isolation (Kerr, 2005). The United Nations Department of Economic

and Social Affairs (UNDESA) in particular describes SIDS as low-lying coastal countries

characterised by small population, a lack of resources, remoteness, susceptibility to natural

disasters, excessive dependence on international trade, and costly public administration

and infrastructure (UNDESA, 2003); this essentially reflects their high vulnerability, a

sentiment echoed by the Intergovernmental Panel on Climate Change (IPCC) in its Fourth

Assessment (Mimura et al., 2007). The excessive dependence on international trade referred
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to by the UNDESA is a major concern for SIDS, because much of this trade simply fulfils

basic human needs, such as energy, manufactured goods, and food – for example, Cape

Verde imports over 80% of its food, mostly rice (CIA, 2011). Small islands have an almost

total dependence on imported fossil fuels for all energy needs, including electricity (through

diesel generators) and transport (Krumdieck & Hamm, 2009).

Schwarz et al. (2011) asked inhabitants of three communities in the Solomon Islands to

identify past and future threats they faced as part of a vulnerability analysis. The islanders

described climate-related changes and natural disasters as their most significant source

of future threat, out of a total of eight categories they identified. A Malthusian scenario

combining various problems relating to population increase was narrowly second-highest,

and would have been by far the highest identified threat if the category had also included

conflict over resources, which was the fourth-highest threat individually.

Economics

Unlike the self-sufficient closed systems they have been in the past, SIDS tend to maintain

a large imbalance between imports and exports. For example, the Tongan balance of

trade (exports and re-exports, less imports) has steadily worsened year on year since

1987, leaving a 264 million Palaga (approximately US$130 million) deficit in 2007 (Tongan

Ministry of Finance and National Planning, 2008). However, dis-economies of scale prevent

local industries from being able to compete with imported products (Kerr, 2005).

As oil prices have generally been rising in recent years, shipping is only growing more

expensive, yet as shown by Tonga, there is no decline in the demand for imported food

and other goods. McElroy and de Albuquerque (1990) went so far as to suggest that island

states ‘produce what they do not consume and consume what they do not produce’.

In addition, island economies (based as they must be on very few resources) often

lack diversity, making them very sensitive to any changes in those industries and the

vagaries of the markets to which they are tied. Primary and tertiary industries tend to

dominate, with little or no manufacturing industries. As SIDS often have distinctively

large Exclusive Economic Zones (EEZ), fishing and fishery licensing are frequently vital to

their economies.

Tourism also often accounts for a large part of gross domestic product (GDP); island

states make up 27 of the 31 countries of the world who generate more than 20% of

their GDP through travel and tourism (Kerr, 2005). Aside from this, foreign aid and

remittances feature heavily in SIDS’ GDP; for example, 20% of Cape Verde’s GDP comes
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from remittances sent by family members living overseas (CIA, 2011). External subsidies

and preferential trade agreements are also widespread in island economies, especially

among overseas territories and former colonies (Kerr, 2005).

To this end, sustainable infrastructure issues remain a core focus for the UN-OHRLLS

(the SIDS special interest group at the United Nations), with climate change, freshwater

resources, land resources, energy resources, transport, sustainable capacity development,

and sustainable production and consumption featuring among 19 ‘priority areas’ identified

in 1992. Since then, the UN-OHRLLS Barbados Programme of Action (developed and

adopted in 1999) narrowed the focus of SIDS development further down to the areas

needing urgent attention: adaptation to climate change and rising sea levels; preventing

freshwater deficits as demand grows; developing renewable energy, particularly solar, to

lessen dependence on imported oil; and managing the growth of the tourism sector to

protect environmental and cultural integrity (UN-OHRLLS, 2005).

Environmental Damage

Environmental risks underpin many of the economic and social risks to SIDS. Soil erosion

due to modern farming techniques is impacting SIDS’ agricultural potential, beaches are

eroding due to an increase in the number and intensity of storm surges, and ‘king tides’

threaten housing, coastal infrastructure, and tourism resources (Mimura et al., 2007).

Over-exploitation of fisheries has implications for the long-term viability of these resources

and for the oceanic ecosystem (Kerr, 2005).

SIDS often rely on limited groundwater for their water supply (Liu et al., 2006;

Diamantopoulou & Voudouris, 2008). Freshwater scarcity poses a problem for people

dependent on rainfall and groundwater for their water supply, and saltwater intrusion

into groundwater supplies may get even worse as sea level rises (Mimura et al., 2007).

Freshwater lenses are also prone to faecal contamination because of inadequate sanitation

practices (Menzies, 2005).

One of the biggest and most harmful environmental problems on SIDS is waste

management, as significantly more material comes into the country than leaves, which

often results in solid waste being burned, buried in unsanitary conditions, or dumped,

usually in lagoons or mangroves (Menzies, 2005). On many islands there is no space or

infrastructure for sanitary landfills or recycling facilities, and even where landfills exist,

shallow soils mean that freshwater lenses are very vulnerable to contamination (Mimura

et al., 2007).



1.2. SMALL ISLAND DEVELOPING STATES 7

Social Attrition

The continual population loss experienced by many SIDS, especially those in the Pacific,

presents a more immediate social risk. SIDS are rapidly urbanising, like many developing

countries around the world, and more often than not, steadily losing people to emigration.

The younger and more educated people tend to leave: the median emigration rate of

tertiary-educated people as a percentage of the total tertiary-educated population is 62.6%,

with upper and lower quartiles at 26.9% and 78.2% respectively (calculated from The

World Bank, n.d.).

If SIDS cannot retain their most educated people, it may be difficult to develop

alternative industries and diversify their economies. On the other hand, high emigration

rates may have the positive effect of attenuating high fertility rates, helping to prevent

overpopulation. The emigrants from SIDS often financially support their families from

afar, but leave an age gap in the workforce with permanent effects.

Climate Change

Climate change is an increasingly worrying threat to SIDS, some of which are among the

most vulnerably low-lying areas in the world. The IPCC predicts that sea levels will rise

between 18 and 59 cm by 2100, excluding glacial melting (Mimura et al., 2007). Other

estimates are much higher: a team at NASA Goddard believe that feedback mechanisms

will accelerate ice-melt in Antarctica and Greenland, resulting in a global sea-level rise of

up to 25 m by 2100 (Hansen et al., n.d.); more conservative models which ignore feedback

scenarios estimate the rise to be 1.4 m by 2100 (Vince, 2009).

Sea level rise will have highly destructive effects. The majority of SIDS infrastructure

is very close to the coast, including roads, airports, and population centres (especially

capital cities, which are often based around the main port). In the Caribbean and Pacific

Islands, more the 50% of the population live within 1.5 km of the coast (Mimura et al.,

2007). Tuvalu, Tonga, Kiribati, the Marshall Islands, Tokelau, and the Maldives are so

low-lying that they are expected to lose significant tracts of land to sea level rise (Kelman

& West, 2009).

For example, an increase in mean sea level of 1 metre – quite within the predicted

range – will cause land loss of 10.3 km2 on Tonga’s main island of Tongatapu, affecting

about 9,000 people (or 14.2% of the population of Tongatapu). In this case, a storm surge

of 2.8 m, equivalent to one which occurred during Cyclone Isaac in 1982, would affect

almost 30,000 people, or 46% of the Tongatapu population (Mimura, 1999). Many of
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the SIDS with higher average elevations will lose land also, but some will lose their most

important land; Fiji, Puerto Rico, and Samoa are settled mainly around the coast: the

flattest land, with the most fertile soil, and access to the reef for fishing.

Other anticipated effects of climate change are increased frequency and intensity of

extreme weather, meaning more cyclones (which will tend to be stronger), longer intervals

between rainfall (causing droughts in the dry season), and heavier storms in the wet season

(likely to cause flooding); stronger and more frequent storm surges are expected, along with

changes in temperature which may make it more difficult for indigenous species to compete

with introduced species. Worse still, higher sea temperatures combined with agricultural

(nutrient) and industrial (chemical) pollution are already causing coral bleaching and

seagrass degradation, habitats that are vital for fisheries and tourism as well as general

ecosystem health (Mimura et al., 2007).

As well as sea level rise, the tropical cyclones, flooding and storm surges are likely to

be among the most destructive and costly aspects of climate change, requiring significant

investment in infrastructure to adapt and maintain SIDS’ viability. SIDS are often

dependent on subsistence agriculture, agricultural exports, and fisheries for their livelihood,

and these areas are expected to be adversely affected by climate change (Mimura et al.,

2007). A paradigm shift towards resilience-focussed agriculture and fisheries management

would help to protect these sources of food and revenue.

1.2.2 SIDS Defining Characteristics

A closer look at SIDS reveals that as a group, they have as many characteristics setting

them apart from one another as they have in common. As such, while SIDS’ present

and historical development issues share common threads, their pathways to resilient,

sustainable societies may be very different. Kerr (2005) discusses what it means to be an

island state, arguing that SIDS exist on a continuum where the smallest islands have the

least political and economic autonomy and the largest are fully independent.

While it is tempting to draw distinctions between islands to better understand the group,

artificial quantitative and qualitative thresholds and even divisions around physiographic

criteria are essentially meaningless (Kerr, 2005; Kelman & West, 2009). It is more helpful

to consider the individual nations in order to understand the range of the group. The

UN-OHRLLS lists 52 SIDS. The definition ‘small island developing state’ appears to be a

loose one; many of the SIDS listed by the UN-OHRLLS lack one or more of the descriptions

implied by the title ‘SIDS’. Table 1.1 sets out the SIDS as listed by the UN-OHRLLS and
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Table 1.1: SIDS defining characteristics. Data from CIA (2011); The World Bank (n.d.); UNDP (2010).

Small Island Developing State
SIDS (as listed by
UN-OHRLLS)

Land
area,
km2

Population,
000 (an-
nual
growth,
%)

Migration
per 1,000

Terrain Highest
point,
m.a.s.l

Distance
from port
to major
landmass,
km 1

Foreign
aid per
capita,
USD 2

HDI
2007
3

Level of au-
tonomy 4

Pacific Ocean
American Samoa 199 66 (1.2) -6.83 Volcanic 964 2,711 N/A 0.956 OT (US)
Cook Islands 236 11 (-3.3) N/A Volcanic, coral atoll 652 2,777 N/A 0.95 DA (FA: NZ)
Fiji 18,274 958 (1.4) -2.32 Plate-boundary (continental) 1,324 1,887 $68.10 0.741 FS
French Polynesia 3,827 291 (1.4) 2.69 Volcanic, coral atoll 2,241 3,832 $2,304.12+ 0.961 OT (France)
Guam 544 181 (1.4) N/A Volcanic, raised limestone 406 2,399 N/A 0.956 OT (US)
Kiribati 811 99 (1.3) N/A Coral atolls, extensive reefs 81 3,539 $267.67 0.701* FS
Marshall Islands 181 659 (2.0) -5.30 Coral atoll 10 3,732 $940.77 N/A DA (FA: US)
Micronesia (Federated
States of)

702 107 (-0.3) -21.01 Volcanic, coral atoll 791 2,131 $930.10 0.729 DA (FA: US)

Nauru 21 14 (1.7) N/A Raised limestone 61 2,867 N/A N/A FS
New Caledonia 18,275 230 (1.1) N/A Plate-boundary (continental) 1,628 1,416 $2,279.07+ 0.961 OT (France)
Niue 260 1 (-0.03) N/A Raised limestone 68 2,358 N/A 0.95 DA (FA: NZ)
Northern Marianas 464 48 (-5.6) -73.56 Coral/limestone (S), volcanic

(N)
965 2,266 N/A 0.956 DA (PU: US)

Palau 459 21 (0.4) 0.86 Volcanic, raised coral 242 1,695 $1,452.45 0.853 DA (FA: US)
Papua New Guinea 452,860 6,065 (2.0) N/A Plate-boundary (continental) 4,509 659 $45.97 0.541 FS
Samoa 2,281 192 (0.6) -11.52 Volcanic 1,857 2,752 $437 0.771* FS
Solomon Islands 27,986 610 (2.3) N/A Plate-boundary 2,447 1,479 $407.12 0.610* FS
Timor-Leste 14,874 1,155 (2.0) N/A Volcanic, raised limestone 1,033 585 $214.66 0.489* FS
Tonga 717 123 (1.3) N/A Plate-boundary 2,963 1,873 $252.49 0.768 FS
Tuvalu 26 10 (0.7) N/A Coral atolls 5 2,932 N/A N/A * FS
Vanuatu 12,189 222 (1.4) N/A Plate-boundary (volcanic) 1,877 1,801 $245.30 0.693* FS
Caribbean Sea
Anguilla 91 15 (2.2) 13.55 Raised limestone 65 823 N/A 0.947 OT (UK)
Antigua & Barbuda 443 87 (1.3) 2.35 Volcanic, raised coral 402 709 $66.57 0.868 FS
Aruba 180 105 (1.5) 9.56 Raised limestone 188 33 -

$114.15+
N/A DA (Nether-

lands)
Continued on next page
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Table 1.1 – Continued from previous page
Small Island Developing State

SIDS (as listed by
UN-OHRLLS)

Land
area,
km2

Population,
000 (an-
nual
growth,
%)

Migration
per 1,000

Terrain Highest
point,
m.a.s.l

Distance
from port
to major
landmass,
km 1

Foreign
aid per
capita,
USD 2

HDI
2007
3

Level of au-
tonomy 4

Bahamas (The) 10,010 310 (0.9) 0.00 Raised coral/limestone 63 132 $14.78+ 0.856 FS
Barbados 430 286 (0.4) -0.30 Raised limestone 336 388 $37.29 0.903 FS
Belize 22,966 328 (2.0) 0.00 Flat, swampy coastal plain 1,160 0 $54.75 0.772 FS
British Virgin Islands 151 25 (1.8) 7.74 Volcanic 521 867 N/A 0.947 OT (UK)
Cuba 109,820 11,478

(0.2)
-1.56 Limestone (continental) 2,005 235 $9.04 0.863 FS

Dominica 751 73 (0.2) -5.44 Volcanic 1,447 517 $308.04 0.814 FS
Dominican Republic 48,320 9,795 (1.5) -2.04 Continental 3,175 688 $10.18 0.777 FS
Grenada 344 108 (0.6) -3.67 Plate-boundary 840 157 $293.57 0.813 FS
Guyana 214,969 742 (-0.3) -12.78 Rolling highlands, low coast 2,835 0 $201.50 0.729 FS
Haiti 27,560 9,203 (1.8) -1.91 Continental 2,680 814 $60.06 0.532* FS
Jamaica 10,831 2,847 (0.8) -5.52 Raised limestone (continental) 2,256 677 $20.05 0.766 FS
Montserrat 102 5 (0.5) N/A Volcanic 930 660 N/A 0.947 OT (UK)
Netherlands Antilles 800 229 (0.7) -0.39 Plate-boundary (SW), raised

limestone (NE)
862 78 $115.75+ 0.964 DA (Nether-

lands)
Puerto Rico 8,870 3,978 (0.3) -0.91 Continental 1,339 735 N/A 0.956 OT (US)
Saint Kitts & Nevis 261 50 (0.8) 1.26 Plate-boundary 1,156 724 $234.19 0.838 FS
Saint Lucia 606 161 (0.4) -3.93 Plate-boundary 950 362 $54.13 0.821 FS
Saint Vincent & the
Grenadines

389 104 (-0.3) -11.36 Volcanic 1,234 292 $206.24 0.772 FS

Suriname 163,820 560 (1.2) 0.96 Rolling hills, narrow coastal
plain

1,230 0 $177.00 0.769 FS

Trinidad & Tobago 5,128 1,229
(-0.1)

-7.11 Limestone (continental) 940 31 $6.47 0.837 FS

US Virgin Islands 346 110 (-0.1) -5.26 Plate-boundary 475 788 N/A 0.956 OT (US)
Indian & Atlantic
Oceans
Bahrain 741 738 (1.2) 0.00 Continental 122 44 $80.69+ 0.895 FS
Cape Verde 4,033 509 (1.5) -0.67 Volcanic 2,829 646 $340.77 0.708* FS
Comoros 2,235 773 (2.7) N/A Volcanic 2,360 315 $52.22 0.576* FS

Continued on next page
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Table 1.1 – Continued from previous page

Small Island Developing State
SIDS (as listed by
UN-OHRLLS)

Land
area,
km2

Population,
000 (an-
nual
growth,
%)

Migration
per 1,000

Terrain Highest
point,
m.a.s.l

Distance
from port
to major
landmass,
km 1

Foreign
aid per
capita,
USD 2

HDI
2007
3

Level of au-
tonomy 4

Guinea-Bissau 36,125 1,629 (2.0) 0.00 Low coastal plain 300 0 $65.50 0.396* FS
Maldives 298 396 (-0.2) -12.6 Coral atolls, extensive reefs 2 611 $157.17 0.771* FS
Mauritius 2,030 1,294 (0.8) -0.03 Volcanic 828 876 $42.14 0.804 FS
São Tomé & Principe 964 176 (2.1) -9.52 Volcanic 2,024 268 $219.45 0.651* FS
Seychelles 455 88 (0.97) 1.04 Continental granitic 905 1,085 $141.22 0.845 FS
Singapore 697 5,353 (2.0) 15.62 Lowland 166 1 N/A 0.944 FS
Pacific average 27,786 524 (0.6) -14.62 1,206 2,285 $783.99 0.799
Caribbean average 27,269 1,818 (0.8) -1.22 1,178 422 $110.21 0.844
Indian, Atlantic average 5,286 1,217 (1.5) -0.77 1,060 427 $137.40 0.732

Minimum value 21
1

-73.56 2 0 $0 0.396
(-5.6)

Median value 717
176

0 940 788 $60.06 0.821
(1.0)

Maximum value 452,860
11,477

13.55 4,509 3,832 $2,304 0.964
(2.7)

Notes:

1. Values shown are the shortest distance from any of the major ports (if more than one) to the nearest point on any continent or other major landmass
(including large islands such as Borneo, Japan, Madagascar, and New Zealand).

2. 2004–2008 average based on available data (not all years are available for all countries), in 2010 US dollars.

3. HDI (Human Development Index) categories: very high development >= 0.9; 0.9 > high development >= 0.8; 0.8 > medium development >= 0.5;
> 0.5 low development. Non-state countries share the HDI value of their governing state as described in the ‘Level of autonomy’ column.

4. FS = full state; OT = Overseas territory; DA = domestic autonomy; FA = free association; PU = political union.

* Denotes also a UN-classified least developed country (LDC).

+ Denotes only 2004 data available. All other data from 2008.
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their characteristics pertaining to being SIDS.

As can be seen in Table 1.1, on any one metric there can be a great deal of variation

within a region, and between regions. There are also substantial similarities, especially

in their need for sustainable development (Kelman & West, 2009). On average, the

Pacific and Caribbean SIDS have a very similar land area, but the average population

on Pacific SIDS is less than one third that of Caribbean SIDS. A minority of individual

SIDS have predominant immigration but all three regions have an average predominance

of emigration.

With sea level rise a major concern for SIDS, their viability will be determined by the

amount of inhabitable landmass remaining after sea levels stabilise as much as anything

else. While the variation in highest point is very high, from the lowest of 2 metres above

sea level in the Maldives to the highest of 4,509 m in Papua New Guinea, the average for

each region is similar, differing from 1,060 m to 1,206 m. In terms of isolation, the Pacific

SIDS stand out for their much higher average remoteness than the other regions. In fact,

the average distance to the nearest major landmass in the Pacific is higher than that of

any individual SIDS in the Caribbean Sea and the Indian and Atlantic Oceans.

Figures 1.3 and 1.4 show the spread of selected data of individual SIDS, coloured

by region. Figure 1.3 indicates a weak positive relationship between remoteness and

foreign aid received, uncorrelated to HDI, which could be suggesting at the lower level of

development and higher level of vulnerability among more remote islands. Group-wide

HDI is highest amongst the Caribbean SIDS.

Figure 1.4 shows a definite positive relationship between population size and area;

population growth varies evenly across the plot. And yet, Table 1.1 and Figures 1.3 and 1.4

demonstrate that amongst their common themes, every island state is unique. Kerr (2005)

points out that between the concepts of autonomy, economy, and society, defining what

makes an island is far from straightforward, but it is salient to the process of determining

islands’ sustainable development. Any sustainable development solutions intended to be

applicable to SIDS as a group must be adaptable so as to allow islands of varying size,

composition, and climate to make use of them.
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Figure 1.3: A comparison of SIDS’ remoteness against their dependence on foreign aid; size
of data points reflects HDI (larger marker means higher HDI). Marshall Islands, Nauru,
and Tuvalu were excluded due to unavailable HDI. Data from CIA, (2011), The World
Bank, (n.d.),UNDP, (2010).

1.3 Sustainability Frameworks

1.3.1 Interpretations of Sustainability

‘Sustainability’ as a term is broadly understood as referring to a state of continuity, and

although flavours vary, is generally accepted as having something of a reference to long-term

environmentalism, in line with the original Bruntland definition (Brundtland, 1987) of

‘intergenerational justice’. The concept developed rapidly through the later twentieth

century by way of the Three Spheres model, in which the realms of Society, Environment,

and Economy interlink in an equally-weighted Venn diagram (Lozano, 2008). This popular

and enduring model was put forward as a means of explaining (usually in hindsight) why

the environment should not be subject to (or at the expense of) economic gains, and laid

the groundwork for the adjoining concepts of natural capital and ecosystem services, which
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Figure 1.4: A comparison of SIDS’ area against their population; size of data points
reflects population growth or decline, showing the effect of migration relative to natural
population increase. Data from CIA, (2011), The World Bank, (n.d.),UNDP, (2010).

were (and are) a critical argument for environmental stewardship.

In the 2000s, the Nested Spheres model became the new standard model for sustain-

ability, in which the same three spheres were the basis of sustainability but in a more

intuitively resonant configuration: the economy nested within society, and society nested

within the environment. Newer models have been developed based on this, such as the

Three Pillars model (Lehtonen, 2004), which was used by the Stern Review to assess the

impact of climate change, by the proposed social rate of return for climate policies (Stern,

2006), however these have not advanced on the broad appeal of the Nested Spheres model.

Natural capital and ecosystem services play a natural role in modern environmentalism,

the latter being ideologically placed by necessity in the context of capitalism (and therefore

required to demonstrate its worth to the economy just as every other commodity must,

whether or not this is a fair requirement). And yet, they have been notoriously difficult to
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value in economic terms; their value has mainly been estimated by the cost of losses that

would be incurred should they no longer be available (Costanza et al., 2017). To a degree,

this perspective has informed (qualitatively, if not quantitatively) the Triple Bottom Line

assessments which are now common in non-profit organisations, not uncommon amongst

larger developed-world companies, and is sometimes required by NGOs for the projects

they fund (Norman & MacDonald, 2004).

The implication of the concepts of natural capital and ecosystem services is that

nature provides certain goods and services which are of value to society, and therefore

have an intrinsic and transferable economic value. This is the origin of ‘soft’ (or weak)

sustainability, in which the ‘capital’ of any of the three spheres can be substituted for

that of another sphere, as opposed to ‘hard’ (or strong) sustainability, in which there

are hard (if often undefined) limits on the environment’s capacity to absorb pollutants,

deforestation, resource depletion, etc. (Costanza & Daly, 1992). However, this is not

‘capital’ in an identical sense to economic capital; the reality is that this capital cannot be

fully depleted, or go into debt, and fully rebound.

For example, biodiversity is just one type of natural capital that retains the adverse

effects of depletion: if a population dips below a number of individuals, that species will

suffer genetic bottlenecks which adversely affect their offspring’s resistance to disease and

other stressors. So, extreme cases aside, once a species is extinct, it is extinct. In the

same way that we understand implicitly that social capital is not interchangeable with

economic capital (in that ‘you can’t buy love’), it is not a stretch to recognise that the

environment, or ‘natural capital/ecosystem services’, is an intangible asset that – although

clearly having substantial economic benefits across the board, from clean air to pollination

– must be treated with its own set of rules, distinct from those of commercial markets.

This tension between diverging ideologies of sustainability has led to a further treatment,

in which sustainability is discussed in terms of risk and resilience. These are useful concepts

in qualitative terms but can be difficult to quantify, especially where an effect or contribution

cannot be captured by statistical or economic valuation (as discussed further in Section

1.3.4). And, while qualitative assessments are useful and necessary in many domains of

decision-making, the justification for infrastructure development in particular is different.

Built infrastructure typically requires a large one-off financial investment and is expected

to satisfy specific requirements designed to fulfil a defined needs basis, for a substantial

period of time – usually on the order of 20-50 years (or more).
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1.3.2 Sustainable Development in a SIDS Context

The rejection of interchangeable natural capital, then, positions the concept of ‘sustainable

development’ as a potential oxymoron: How can sustainability be achieved when develop-

ment of the built environment necessarily changes the inner workings of how that system

interacts with nature?

The answer lies within the systemic outcomes rather than the means of achieving those

outcomes. Imagine three societies: one in which energy consumption is nil, one in which

energy is derived from a balanced cycle of burning woodfuel that is completely offset by

forest growth (which replaces the logged wood as well as removing the CO2 and restoring

oxygen generation), and the last in which energy use is at much higher developed-world

levels, produced wholly by zero-impact fully-recyclable renewables. Thus it can be seen

that the details are less important than the bigger picture, in which what goes into the

system should be equal (or equivalent) to what comes out.

Traditionally, resource use on islands has forcibly been sustainable due to the closed

system in which the population operated. This does not mean that humans did not

impact the islands on which they settled; there is plentiful evidence of environmental

transformation by Pacific peoples, such as lowland deforestation and hunting many species

of bird to extinction in Hawai’i, and widespread deforestation and the extinction of the moa

(among other bird species) in New Zealand (Kirch, 1997). As the examples of Mangaia

and Tikopia demonstrate, for small islands without the benefit of a global trade network,

it was a case of sustainable resource management or collapse.

Customs ensuring sustainable resource use arose iteratively and organically over long

time periods, possibly informed by islands’ rapid feedback loops, wherein the adverse effects

of poor practices are soon realised and mitigated (Kerr, 2005). The assumption would

therefore be that islands using customary management regimes would be automatically

sustainable, however this is true only if islanders accept sustainable resource use. This

would also mean that islanders had to accept a poor standard of living and a high risk of

disaster from crop failure, weather variability, and natural disasters. Globally-informed

aspirations and the availability of foreign goods lead island populations to pursue an

increasingly western lifestyle.

Nauru has been held up as an example of weak sustainability, or economic substitution

for natural and/or social capital, due to the effect of the phosphate industry that operated

throughout the 20th century (Gowdy & McDaniel, 1999). Although the islanders have a

high GDP per capita compared to other Pacific nations, the area quarried for phosphate is



1.3. SUSTAINABILITY FRAMEWORKS 17

uninhabitable and barren, and the vegetation loss has made the climate hotter and drier.

Thanks to their high income, the Nauru islanders became able to purchase imported goods

and foods, which eventually became seen as preferable to fresh food; health indicators are

poor and life expectancy is lower than other Pacific nations. As the population increased

(from 1,500 in 1900 to 10,000 in 1995), it became necessary to import even fresh water.

However, the authors note that the environmental capital will slowly appreciate over

coming years as the mining-degraded land begins to be rehabilitated, so long as stocks

of fisheries, coconut trees, and other environmental features are maintained. Thus they

conclude that Nauru is technically one of the most sustainable economies in the world

according to the weak sustainability model, while noting that Nauruans are now utterly

dependent on foreign trade to source food and other necessities no longer available locally.

The island’s extremely degraded environment could no longer support the approximately

1,000 inhabitants it supported before contact with the West; the Nauruans’ future is solely

dependent on income from financial capital, and that is vulnerable to the volatility of

financial markets (Gowdy & McDaniel, 1999).

Recent research on the sustainable development of SIDS has generally been concerned

with defining the specific characteristics and issues pertaining to SIDS. For example, Kerr

(2005) discusses what it means to be an island and various themes among the sustainable

development theories applied to SIDS, and characterises a case study (the Galapagos

Islands) by its economy-centred sustainable development needs. Vallega (2007) discusses

islands’ sustainable development from a cultural perspective. Tran (2006) looked at public

perception in development projects, using the case study of Holbox Island in Mexico as a

means of examining community participation in sustainable development. By interviewing

local people, the author identified environmental, social, and development issues of concern

to the community. Perkins and Xiang (2006) examined GIS mapping programme as part of

sustainable development in Yap, Micronesia. The authors concluded that Yap, being typical

of many SIDS, faces a plethora of linked economic and environmental planning challenges,

compounded by the lack of a planning support system, and highlight the need for a GIS-

based description of Yap’s land and marine resources as part of comprehensive land-use

plan development. Although the identification of development constraints is necessary

in infrastructure and sustainability planning, these studies fail to address the immediate

need for a specific, needs-based development model focussed on sustainably supporting

SIDS populations, as per the priority areas identified by the UN High Representative for

SIDS (UN-OHRLLS, 2005).

Furthermore, the literature on SIDS sustainable development tends to bifurcate into the

theoretical debate (such as Vallega (2007)) and the practical application of sustainability
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principles to individual case studies. The theoretical debate is broad, typically policy-

oriented, and can be unclear as to real-world application. On the other hand, case studies

are commonly used to demonstrate a theory or approach, but tend to be highly specific

and it can be difficult to see how they lend themselves as a blueprint for wider use. For

example, Liu et al. (2006) created an integrated groundwater extraction plan as a strategy

for sustainable groundwater management in Kinmen Island, China. A detailed model

developed for Kinmen’s specific geological and hydrological systems could be used in

other locations, but the model itself (not being based on generic principles for water

infrastructure) would have to be recreated every time.

Another study used SWOT analysis to optimise groundwater use (Diamantopoulou &

Voudouris, 2008), and though very detailed, again lacks the holistic and infrastructure-

focussed principles that would enable the direct application of this approach to any

other island. Giatrakos, Tsoutsos, and Zografakis (2009) conducted a similarly detailed

analysis of renewable energy implementation on the island of Crete; Duić, Krajačić, and da

Graça Carvalho (2008) analysed renewable energy possibilities on several islands. Islands

have been the subject of many studies on individual infrastructure systems, however a

widely accepted general sustainability model that can be adapted to fit any island has not

yet been developed, and the importance of the interdependence between infrastructure

systems has been neglected. Adaptability is a key component of sustainable development

models, because what works in one place will not necessarily work in anywhere, yet

sustainability principles remain consistent no matter where they are applied.

A framework for systemic sustainability must be dynamic and prescriptive instead of

static and descriptive, allowing for connections and feedback loops between adaptive cycles

to enhance overall resilience (Holling, 2001). Thus a balance between the adaptability of

policy-based analyses and the practicality of case studies is required in order to galvanise

the concepts and application of sustainability and resilience into SIDS’ development and

infrastructure planning processes.

Some research has begun to address the issues of scaling and adaptability of sustain-

ability solutions from individual case studies to wider use. Krumdieck and Hamm (2009)

proposed a methodology for energy supply on remote islands, with the case study of

Rotuma Island, Fiji. In this study, the community was consulted on their ideas for energy

supply, their funding constraints, and environmental drivers in the implementation of

an adaptive energy system aimed at an optimal level of service. A matrix of possible

energy solutions was developed, and multi-criteria analysis used to select the optimal

solution based on the community’s preferences. Resources were divided into imported and
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indigenous categories, and into quasi-infrastructure categories of energy use, reflecting

the importance of understanding where resources come from and how they are used.

Understanding the local demand for development had significant implications for the

feasibility of the system designed.

1.3.3 Carrying Capacity

The idea that we must live within natural limits is nothing new, as brought to global

attention in the early 1970s by the Club of Rome (Meadows, Meadows, Randers, & Behrens,

1972). Ewel (1999) argues that native ecosystems should be used as models for sustainable

agriculture in particular, since they are time-proven survivors, and because the rising cost

of the fossil fuels on which modern agricultural systems have come to depend will mean an

increased cost to farmers and consumers. In addition, despite their increased complexity

and lower yield, this approach could offer higher quality products through herbivore

resistance and symbiotic links with beneficial microorganisms. This concept is known as

carrying capacity, and is usually defined as being the maximum population that can live in

a defined environment indefinitely (Rees & Wackernagel, 1996), implying that at any point,

the rate of resource consumption must not impair future productivity. However, humans

have a long history of altering their environment by eliminating competing species, making

technological advances, and importing locally unavailable resources, leading economists

and planners to reject the concept in as far as it applies to humans (Rees & Wackernagel,

1996). And yet, it is widely recognised among sustainability and ecological practitioners

(for example, by the ‘three-spheres model’) that sustainable development depends on

society (and the economy, as a sub-sector of society) operating inside ecological limits

(Azar, Holmberg, & Lindgren, 1996).

Barrett, Sexton, and Green (1999) suggest that sustainable development may be

expressed in terms of resource depletion: that pollutant emissions must not exceed the

earth’s assimilative capacity; the rate of use of renewable resources must not exceed their

regeneration rate; and the rate of use of non-renewable resources must not exceed the rate

at which renewable substitutes can be found. In other words, sustainable development

is maintaining an equilibrium of developmental consumption with the global carrying

capacity, whatever that may be. Putting it in more specific terms, Baccini (1997) suggests

that a system or society’s ‘metabolism’ is sustainable if the demand for essential ‘mass

goods’, including water, biomass, construction materials, and energy, can be satisfied

indigenously by more than 80% in the long term – a seemingly arbitrary figure. Baccini

(1997) argues that the ecological border of the system (usually urban) can be evaluated
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by its degree of self-sufficiency with respect to a set of mass goods essential for physical

survival. According to this definition, sustainability requires that the demand for these

essential goods which cannot be satisfied indigenously would be met by the external market

in such a way that the global resource capitals are not reduced significantly, so long as

any emissions or other outputs do not become a burden for future generations.

The modern regime of unsustainable shipping and air transport means that the latter

scenario would completely isolate most SIDS from the outside world; hardly an appropriate

response. Neither do SIDS necessarily have the responsibility or capability to develop

sustainable transport technologies on their own. Thus an initial step towards sustainable

development, under Baccini’s criterion, would be to source the maximum proportion of

essential mass goods locally, from within the island’s ecological boundary. This principle

has in the past been applied mainly to urban systems, so if it is to be applied to SIDS, each

island’s productive capacity and consumptive demands need to be determined. Conversely,

it could also be argued that such isolation would also reduce the islands’ resilience, making

it more likely the system will fail.

1.3.4 Resilience

Resilience can be described as ‘the capacity of systems to reorganize and recover from

change and disturbance without changing to other states’ (Ahern, 2011). Resilience can

include ecological systems, hazards or risks, economic systems, and political or institutional

governance (Leichenko, 2011). Seeing sustainability as a direction rather than a static end-

point (Ravetz, 2000), resilience takes a non-equilibrium, ‘safe-to-fail’ perspective, where

systems constantly adapt to changing circumstances (Ahern, 2011). This perspective

resonates clearly in the context of SIDS, whose isolation and vulnerability to external

events mean that resilience will be a crucial element in their sustainable development.

By its very nature, resilience is plastic and therefore difficult to implement or measure on

its own (Leichenko, 2011). A system’s adaptive capacity is the degree to which its resilience

reduces or buffers its level of vulnerability. The concept of adaptive capacity describes the

buffer zone between sensitivity to an event and exposure to it; a higher adaptive capacity

means a lower vulnerability to a particular event (Engle, 2011). Ahern (2011) argues

that resilience can be brought into urban systems through strategies including multi-

functionality, redundancy and modularization, biological and social diversity, multi-scale

networks and connectivity, and adaptive planning and design.
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1.3.5 The Role of Infrastructure

Infrastructure plays a key role in establishing and maintaining sustainability in the

mainstream. Systemic sustainability allows sustainability to become embedded in practices

across society, and unsustainable behaviour to become inconvenient where sustainable

infrastructure systems are integrated as the norm. For example, residents would not be

able to recycle even if they wanted to unless a recycling system is in place where they live;

but if implemented, such a system could be set up so that recycling becomes a social norm,

encouraged by incentives or even legally required, depending on the preferred outcome

and tools available to achieve that outcome. On SIDS, the demise of traditional ways of

life and their socio-technical infrastructure has been linked with a higher vulnerability to

climate change, poor socio-economic conditions, environmental degradation, and resource

depletion. As Krumdieck and Hamm (2009) point out, ‘unsustainable behaviour is a

problem of infrastructure and technology that cannot be entirely addressed by awareness or

incentives alone’.

Existing ‘Western’ planning models cannot easily be applied to small islands (Perkins

& Xiang, 2006). Processes of infrastructure development generally look at one system at a

time; they do not allow for efficient and sustainability-focussed co-evolution of infrastructure

systems. However, the nature of infrastructure is such that disparate systems often have a

level of dependence on one another, for example centralised water supply needing electricity

from the grid and conversely, water from hydropower generation flowing into municipal

supply reservoirs. Xu, Weissburg, Newell, and Crittenden (2012) argue that the complex

interactions between the infrastructure systems that supply society’s critical needs are not

yet well understood. The authors call for an understanding of the relationships between

human and natural infrastructure systems in order to enlighten the processes of design,

development, and operation of sustainable (urban) systems.

By their provision of services and regulatory actions, utilities can influence and even

control the urban metabolism (Kennedy, Stewart, Ibrahim, Facchini, & Mele, 2014). Cities’

individual configurations of key infrastructure can influence and result in very different

levels of material consumption per capita (Kennedy, Baker, Dhakal, & Ramaswami, 2012).

Opportunities for decoupling economic growth from ecological impacts arise from the

design of infrastructure networks. Innovations in technical and/or institutional approaches

to provision of goods and services can lead to positive development trajectories (Kennedy et

al., 2012). Being situated between end-users and the natural resources they consume, urban

infrastructures are well placed to affect rates and types of material use. Infrastructure

becomes an intervention point and can help to decouple material and energy use from
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lifestyle or economic wellbeing as a framework for sustainable transitions (Hyman, 2013).

The design, construction, and operation of infrastructure, and in particular, infrastructure

relating to waste, water, energy, sanitation, and transportation, form a socio-technical

structure that shapes how goods are supplied to and used by a city (Hodson, Marvin,

Robinson, & Swilling, 2012).

1.4 Case Study: Samoa

All quantitative analytical methods depend on a fixed temporal and geographical basis

from which to draw their data. Thus a case study is necessary for quantitative study of a

societal metabolism. Aside from being useful in understanding the societal metabolisms of

SIDS for its own purposes, an island (especially a small island state) is a useful unit to

examine in a metabolic context for several reasons.

The first is the advantage of a physically constrained system with a definitive geographic

boundary, and a limited number of pathways through that boundary, such as sea ports

and airports (Eckelman & Chertow, 2009). The second is that states often keep detailed

data on the various processes going on within and at their boundaries, such as import and

export quantities for calculation of excise taxes, and agricultural and electricity production,

but the size of a small island state makes data management much easier. The third is the

ease with which an island’s metabolism may be translated to the context of a larger area –

the island acting as a ‘microcosm’ for an area of any size, the underlying principles being

the same (Johnson & Chertow, 2009), and therefore the sustainability implications may

be more or less transferable.

The case study chosen was Samoa, due to it being generally as representative of the

SIDS group as an individual SIDS can be (Rule & Boyle, 2010; Barnett & Campbell,

2010), as described in Table 1.1. The reasons for this choice include:

1. Presence of a national statistics office and online availability of import/export data;

2. Small size for data manageability;

3. Geography and climate: Reasonable similarity to other SIDS. Like many SIDS,

Samoa is tropical, volcanic in origin, and faces a similar natural risk profile to other

SIDS, including climate change risks such as drought, flood, tropical cyclone, king

tides, sea level rise, and also geological risks such as earthquake, erosion, landslide,

and tsunami;



1.4. CASE STUDY: SAMOA 23

Table 1.2: Comparison of Samoa with SIDS median and Pacific average characteristics
(excerpted from Table 1.1). Data from CIA (2011); The World Bank (n.d.); UNDP (2010).

Location Land
area, km2

Population,
000 (annual
growth, %)

Migration
per 1,000

Highest
point,
m.a.s.l

Distance from
port to major
landmass, km

Foreign
aid per
capita,
USD

HDI
2007

SIDS median 717 176 (1.0) 0 940 788 $60 0.821
Pacific average 27,786 524 (0.6) -14.62 1,206 2,285 $784 0.799

Samoa 2,281 192 (0.6) -11.52 1,857 2,752 $437 0.771

4. Environmental issues: reasonable degree of similarity to other SIDS. These in-

clude land and water pollution, waste management issues, loss of biodiversity, and

degradation of natural resources;

5. Economic issues: reasonable similarity to other SIDS. These include increasing wealth

disparity, high dependence on remittances from family members overseas, and a

low-diversity economy, often pivoting on industries such as tourism and fisheries;

6. Number of islands (two major, nine total): SIDS can be made up of anything from a

few to many thousands of islands. A minimal number of islands was considered an

advantage so as to simplify the calculation of material flow transfer between islands,

however this calculation was not attempted during analysis due to a lack of data

available; and

7. Logistical matters such as accessibility from New Zealand, ability to communicate in

English, and political stability were also considered.

A comparison of Samoa with the median values for SIDS and average values for the

Pacific SIDS is shown in Table 1.2; Samoa is in many ways a typical SIDS; its land

area, population, population growth, and migration figures lying between the SIDS global

median and the Pacific average. Samoa is even typical in that, as discussed in Chapter

1, it does not totally follow a pattern at all. It is higher, and more remote, than both

the SIDS median and the Pacific average, being a fairly new volcanic island. Its human

development index (HDI) is slightly lower than the Pacific average, which encompasses

a wide range between former colonies (some which remain territories of special status)

having a high HDI (such as New Caledonia or American Samoa, on a level comparable to

western Europe), and those with very low HDI (such as Timor-Leste, comparable to many

parts of sub-Saharan Africa).
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As a contributor to the discussion about sustainable development, however, Samoa is

a valuable addition. It is culturally very different to the baseline narrative which derives

from the Western perspective; it is a developing country, which has not been looked at in

detail on its own (and as a group, developing countries have received much less attention

from a sustainability viewpoint than developed countries); and its prospect for long-term

habitability in the face of climate change is relatively good compared to many of its very

low-lying Pacific neighbours, such as the atolls of Kiribati or the Marshall Islands, which

are predicted to disappear into the sea with increasing sea levels over the next century

(Mimura et al., 2007).

In fact, one of the most interesting and compelling reasons to consider an island like

Samoa for sustainable development (aside from for its own value, which is not to be

downplayed) is the country’s position as a potential accepter of climate refugees. Whilst

likely to be politically contentious (and outside the scope of this thesis), it is worth at least

considering the possibility that a country like Samoa (or other higher-elevation islands

like Fiji, which are in a similar position to withstand sea level rise relatively well), could

be paid from global climate change adaptation funds to develop sustainable infrastructure

in return for accepting citizens of countries which no longer survive above the high-tide

mark. If the worst-case scenario were to occur wherein islands of entire nations have to be

abandoned due to relentless encroachment by the ocean, refugees may prefer to re-settle

in a country with a similar climate, language, and culture to their own. On the other

hand, a lack of finance is frequently the limiting factor to infrastructure development in

SIDS, rather than the will to carry out such projects. If there was political acceptance

from all nations involved, this could be a more culturally sensitive, resilient, and better

value-for-money solution than (for example) building more and more seawalls of unresolved

effectiveness.

1.5 Summary

To ensure long-term viability, SIDS must implement sustainable (i.e. resilient or self-

sufficient) supply systems based on appropriate technologies and infrastructure that will

improve their ability to meet the challenges ahead. Islands will be among the first to feel

the full effects of climate change; they have a pressing need to find sustainable development

solutions. The question of whether SIDS should strive for sustainable development is not

difficult to answer. It is a question of the viability of continuing to inhabit the islands,

and of quality of life for their populations.
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SIDS are important for another reason. Islands have long been used as microcosms

to larger study areas in many fields of science, such as evolutionary biology, ecology, and

anthropology (Deschenes & Chertow, 2004). Their small size and well-defined geographical

borders – the same properties that cause their tightly constrained natural carrying capacity

and uncertain resource security – make islands a manageable and useful unit for study

(Deschenes & Chertow, 2004), and their remoteness and similarity to pre-industrialised,

agriculturally-based societies make them excellent models for understanding global change

(Kirch, 1997). Any gains in understanding of sustainable development on SIDS could be

applied, in theory and with local adaptation, to any area.
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Chapter 2

Objectives & Scope

2.1 Objectives

Although sustainability necessarily deals with qualitative subject matter, decisions that

deal with infrastructure development are generally based on quantitative data and analysis.

Hence, this thesis focusses on quantitative methods to assess sustainability, drawing

primarily on themes of resource management and carrying capacity. What sustainability

would look like in an island context appears to be an appropriate balance between historical

self-sufficiency (i.e. a carrying capacity equal to the actual population) and a relationship

to international trade. What this balance should be is an issue to be determined by

individual planning authorities. How this balance could be enacted is the main question

that this thesis seeks to address.

The objectives of this research were:

1. To evaluate existing methodologies that provide information on resource flow and

carrying capacity, and building on these, develop a methodology capable of quantita-

tively assessing the sustainability of a SIDS nation;

2. To form a complete picture of the infrastructure and resource supply characteristics

of a SIDS, using a case study to illustrate the methodology developed, for which the

Pacific SIDS of Samoa was selected (as explained in Section 1.4);

3. To quantitatively assess whether and to what level sustainability is feasible for the

case study of Samoa, given the state of current infrastructure and planned future

development, and average consumption; and
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4. To determine how infrastructure systems can be developed or improved to support

sustainability for Samoa, presently and in the future.

2.2 Scope

• As discussed in Section 1.3.4, resilience goes hand in hand with sustainability; a more

resilient society is one which is more likely to withstand risks to that society’s survival.

This work defines sustainability in an island context as being equivalent to self-

sufficiency, i.e. a population as a whole would be considered sustainable if they were

living within the carrying capacity (ecological limits) of their geographic boundaries,

to the extent that these may be enhanced by infrastructure and technology.

• This research modelled and interpreted quantitative aspects of sustainability for

the case study of Samoa, with the aim of bridging the gap between theory and

application of sustainable development through the creation of a versatile and

adaptive methodology able to assess sustainability and carrying capacity. The

methodology is intended to be fully adaptable to fit other SIDS; further adaptation

would allow application to any geographical area.

• This research focussed on human activities and the specific natural processes that

enter the sphere of human influence (such as generation of natural resources that are

harnessed by agriculture, fisheries, mining, or forestry), since these are the processes

that affect a place’s self-sufficiency, and can thus be addressed by measures intended

to enhance sustainability or resilience. While natural processes (such as weather

patterns or sand movement) can have significant effects on resource availability and

a society’s ability to function, they can be difficult to predict accurately, and they

are unavoidable, hence they cannot be considered in the same way as anthropogenic

processes.

• Modelling of infrastructure and resource supply characteristics (both formal and

informal) was limited to what could be measured realistically either in person or by

third parties. Quantifiable social and economic aspects were considered (such as

proportion of households using woodfuel for cooking or mass of fish exports), but

modelling of non-quantifiable aspects (such as culture or beliefs) were beyond the

scope, and thus were only discussed in the context of interpreting results.
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2.3 Research Contribution

This research seeks to develop a methodology for quantitatively assessing the sustainability

of a well-defined geographic region and demonstrate this methodology on a case study with

specific sustainability and development challenges, i.e. a small island developing state.

The thesis contributes the following to the body of knowledge:

• Advances current research on quantitative methods for determining sustainability,

by evaluating and building on existing methods;

• Develops a framework for small island states to approach sustainable planning and

development by assessing their current and planned infrastructure from a perspective

of quantitative sustainability;

• Examines the infrastructure (and the unique qualitative influences on infrastructure

development) of a developing country, which as a group rarely get studied in detail;

• Establishes the sustainability characteristics and carrying capacity of Samoa (as a

SIDS case study); and

• Assesses the potential future sustainability of Samoa in terms of its planned infras-

tructure projects.
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Chapter 3

Literature Review

3.1 Methodologies Reviewed

In order to achieve the stated study objectives, numerous methodologies with quantitative

elements were examined. Those looked at in particular included:

• Urban metabolism, a mass-balance approach based around key input and output

metrics of urban systems;

• Material flow analysis, a mass-balance approach based around the life cycle of a

single substance;

• Ecological footprint, a measure of environmental impact by land area;

• Socio-ecological infrastructure, a qualitative method of uniting various useful quanti-

tative methods of resource use; and

• Technomass, an advancement on urban metabolism and material flow analysis which

attempts to link these with ecological footprint.

In selecting methodologies to work with, the key requirements (as described in the study

objectives) were quantification of resource flows, ability to tie in with carrying capacity

(which is a critical component of any approach to quantitative sustainability, as discussed

in Section 1.3.3), and relatability to infrastructure and infrastructure development. Of the

methodologies reviewed, two stood out as having particular application: urban metabolism

and material flow analysis.
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Figure 3.1: Generic urban metabolism showing system boundaries, inflows (I), outflows
(O), internal system flows (Q), storage (S), and production (P) of biomass (B), minerals
(M), energy (E), and waste (W). Source: Kennedy and Hoornweg (2012).

3.2 Urban Metabolism

Urban metabolism (UM) is a concept which has been gathering attention in recent years

for its potential role in sustainable planning and development. Urban metabolism is

defined as ‘the sum total of the technical and socio-economic processes that occur in cities,

resulting in growth, production of energy, and elimination of waste’ (Kennedy & Hoornweg,

2012). In other words, a city’s inputs, outputs, and throughputs of energy, materials,

food/nutrients, water, and wastes are grouped and quantified (Baker, Hope, Xu, Edmonds,

& Lauver, 2001; Færge, Magid, & Penning de Vries, 2001). The focus on urban areas

results from a recent acknowledgement of cities as densely populated areas of concentrated,

but usually highly efficient, resource consumption. As such, they can be seen as key

leverage points in the transition to a sustainable society (Xu et al., 2012). UM is explained

graphically in Figure 3.1. UM functions on the mass balance principle, wherein the total

of materials entering the economic system must equate to the total of material outputs

plus mass accumulation (Perez Manrique, Brun, Citalic González-Mart́ınez, Walter, &

Mart́ınez-Alier, 2013). Because urban metabolism is based on mass balance, it could

theoretically be applied to any bounded area, and the results would show an average of

the ‘metabolism’ of the bounded system: its consumption, production, and waste.

This builds on the industrial ecology approach that treats cities as ecological networks

or even organisms, wherein they may be conceptualised and modelled by their metabolism

through consuming materials and energy, their internal processes, and generation of wastes
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and emissions (Xu et al., 2012). A good understanding of these processes could enable

development of sustainable cities or recognition of when urban development occurring

organically has become sustainable. These categorisations may then be used to answer

such questions as: whether (and by how much) the city is accumulating or losing mass

(Baccini, 1997); the difference in consumption between global cities (Kennedy, Cuddihy,

& Engel-Yan, 2007); the difference in cities’ present societal metabolism compared with

that of their past (Neset, Bader, & Scheidegger, 2006; Schulz, 2007); and the potential

materials and energy savings if the metabolism was adjusted to run more efficiently (Quinn,

2008). The UM approach presents a framework that illustrates the consumption and

transformation occurring cities, and their progress towards sustainable development (Conke

& Ferreira, 2015).

Very limited research has been conducted on UM of SIDS. The material and energy

flows of Trinket Island, a very small island in the Bay of Bengal, were studied from

an economic point of view (Singh & Grünbühel, 2003). Although Trinket Island is not

specifically a SIDS, its socio-economic and environmental issues are much the same. The

flows of the societal metabolism were divided into type, but the inner workings of the

societal metabolism – how each of the resource flows was used – were not distinguished.

The authors considered an alternative scenario for comparison, if human habitation had

never happened, i.e. a fully natural ecosystem excluding even traditional societies. It

was found that the islanders’ lifestyle had deviated substantially from the traditional

subsistence way of life towards becoming part of the globalised economy. Whilst this study

examined the effect of the remoteness of a small island in a globalised economy, its focus

was more on economic self-sufficiency than physical self-sufficiency, and is therefore of

limited value in assessing sustainability.

Whilst in essence UM is a basic accounting effort, its findings can provide scientifically

valid and easily-applicable data for urban planning purposes (Kennedy, Pincetl, & Bunje,

2010). UM is contested as having four main applications. The first is perhaps the most

obvious: quantitatively detailing efficiency in resource use, predicted future consumption,

environmental burdens, and the relative impact of recycling efforts. The second is in

assessing greenhouse gas emissions related to a city’s operation. The third and fourth

relate to policy and planning applications, using material and energy data to assess urban

design options to address issues such as pollution, wastewater treatment, and resource

scarcity (Conke & Ferreira, 2015).

UM is sometimes also referred to as societal, social, or socio-economic metabolism

analysis, possibly due to difficulties associated with defining the urban and anthropospheric
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boundary because of the suburban residential zones and the usually substantial involvement

of the urban hinterland in the city’s operation. The urban hinterland, where the city’s

resources are obtained and wastes are disposed of, is increasingly seen as global rather

than just regional (Bai, 2007; Ngo & Pataki, 2008; Sahely, Dudding, & Kennedy, 2003;

Conke & Ferreira, 2015). Regional differences can be substantial: in a UM of Paris, the

densely built-up city centre was found to have higher food consumption and waste export

flows than the surrounding area, whereas the agricultural and suburban areas were bigger

consumers of construction materials and fuel (Barles, 2009). The size of the urban area in

question matters too: the infrastructure networks that deliver physical goods tend to grow

more slowly than population or city size, so that smaller cities move resources around

more easily than larger cities (Batty, 2008).

This implies that the challenge for transitioning to sustainability within urban areas

is not limited to activities within these areas; on the contrary, it is critical that extra-

urban infrastructure operates within a sustainability framework (Ramaswami et al., 2012).

Therefore, the urban focus within UM is almost a misnomer; only by quantifying all

meaningful flows within a socio-economic system can sustainability become a legitimate

goal for this methodology.

Yet UM in its present form fails to take into account the potentially substantial

contribution of extra-urban components to urban resource flows. For example, in the

United States, where cities are on the scale of tens of kilometres across, electricity is

typically transmitted over more than 300 km; freight travels an average of almost 1,000

km to reach its destination; and incredibly, food travels an average of almost 2,000 km

(Ramaswami et al., 2012). Studies of diverse international cities, including Delhi, India,

highlight a similarly high urban dependence on distant infrastructure for key basic needs,

such as electricity, petroleum, water, food, and construction materials. Figure 3.2 illustrates

the relative contribution of intra- and extra-urban infrastructure from the perspective of

greenhouse gas emissions in the supply chain for UM goods consumed in Denver, Colorado,

USA. Denver’s per-capita greenhouse gas emissions is close to the U.S. average, of 25

tonnes of carbon dioxide equivalents per person.

Cities, more so than rural areas, are constantly evolving. Inostroza (2014) makes

the case for dynamic UM over time, as opposed to conceptual, static, or comparative

approaches which most UM researchers have taken thus far (presumably for lack of

continuous data; this topic is addressed in further detail in Section 4.2.4). Dynamic

metabolism modelling has been used as a decision-support tool by the municipal water

provider in Oslo, Norway, in conjunction with Infrastructure Asset Management practices
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Figure 3.2: An infrastructure supply chain greenhouse gas (GHG) emissions footprint for
Denver, Colorado, shows both direct GHG emissions within city boundaries (solid sectors)
and indirect or embodied GHG emissions (hatched sectors) associated with transboundary
buildings, energy, transportation, water, wastewater, and food infrastructures. The
transboundary contributions far exceed in-boundary contributions. Source: Ramaswami
et al. (2012).

(Venkatesh, Ugarelli, Sægrov, & Brattebø, 2014). This tool takes the form of a Microsoft

Excel spreadsheet that uses in-built formulae, constants, assumptions, and ‘intermediary’

files, and enables the user to test the impacts of planned or predicted changes via various

sustainability indicators. Recent developments in other integrated urban energy models

have incorporated temporal and spatial relationships into their analysis of energy use and

supply, for example Keirstead, Samsatli, and Shah (2010). However, these ignore the other

mass goods which together provide a complete picture of the societal metabolism.

A subset of UM studies focussed on greenhouse gas emissions has also developed.

These studies tend to bifurcate into those that take a production-based (i.e. everything

produced and used within the city boundaries) or consumption-based approach (i.e. all

upstream material and energy flows of goods and services consumed within the city,

whether they originated in the city or not) (Weisz & Steinberger, 2010). This shows the

growing recognition of the importance of capturing the supply chain entirely but, as it

only calculates greenhouse gases, does not capture the full complexity of metabolic flows

feeding into the urban area.

Early adopters of the UM framework include the California Energy Commission’s
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Public Interest Energy Research Program (PIER), the European Union’s Sustainable

Urban Metabolism for Europe (SUME), the EU’s official statistics office (Eurostat), and

the World Bank (data being collected for several cities such as Amman, Jordan; Bangkok,

Thailand; Beijing, China; Cape Town, South Africa; Jakarta, Indonesia; and Rio de

Janeiro, Brazil).

3.3 Material Flow Analysis

In material flow analysis (MFA), a substance is followed from ‘cradle to grave’ through a

defined geographic area, normally a city or country (Matthews et al., 2000; Obernosterer &

Brunner, 2001). MFA is based on mass balance (where the total of materials that enter the

economic system must be equal to the material outputs plus mass accumulation) similarly

to UM, but tracks a single resource through a system in all its instances, rather than

focussing on total inputs and outputs. Sometimes referred to as ‘biophysical metabolism’

(Giljum, 2004), MFA can reveal whether and where substances are accumulating, and

identify opportunities for resource reuse and cross-linking to improve system-wide efficiency

(Brunner & Rechberger, 2002; Baccini, 1996).

MFA is often used to calculate an area’s material accumulation rate, to show a sector-

based breakdown of input types, and to compare inputs with consumption. For example,

analysis of global MFA from 1950-2010 tells us that over this period, the world population

grew by a factor of 2.7 whereas global material consumption grew by a factor of 3.7

(increasing our total material consumption impact tenfold compared to 1950), to 71

Gt/year in 2010 (Schaffartzik et al., 2014). Humanity as a whole uses 500 EJ of primary

energy, and 60 billion tonnes of raw materials, annually (Weisz & Steinberger, 2010);

buildings are the single-highest use of energy end use world-wide (Weisz & Steinberger,

2010). MFA is useful for identifying hidden flows within the material metabolism of

socio-economic systems, quantifying aspects of material flow such as direct material input

(DMI) and total material input (TMI) in contrast to total material requirement (TMR);

see Equations 3.1, 3.2, 3.3, and 3.4, each of which conveys different information about the

sustainability of the system as a whole (Hinterberger, Giljum, & Hammer, 2003).

DMI = DRE + I (3.1)

Where DMI is direct material input; DRE is domestic resource extraction; and I is imports.

DMC = DMI − E (3.2)
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Where DMC is direct material consumption; DMI is direct material input; and E is exports.

This includes accumulation of material stocks.

TMI = DMI + UDE (3.3)

Where TMI is total material input and UDE is unused (or ‘hidden’) domestic extraction, for

example wastes created during production or other flows not crossing system boundaries.

TMR = TMI + UI (3.4)

Where TMR is total material requirement and UI is used and unused material flows

associated with imports.

Though more standardised than UM, MFA by no means follows a single ‘set’ method-

ology, despite efforts by various researchers, and particularly Eurostat. MFA more readily

reflects the contributions of extra-urban regions to a city’s resource flows than UM. How-

ever, Barles (2009) points out that whilst UM and MFA can be useful on a smaller (in

this case, local or regional) scale in order to study resource use and target minimisation

policies, the Eurostat-standardised MFA method is not readily applicable to smaller scales

due to overly simplistic assumptions, such as that flows to nature (i.e. emissions) are

domestic, which does not necessarily apply in the case of small areas; as a result, this

method requires corrective adjustments to balance the inputs and outputs. Decker, Elliott,

Smith, Blake, and Sherwood (2000) differentiate between ‘active and passive’ inputs, such

as water brought to a city by its water distribution network (‘actively imported’) versus

rainfall in a city that creates stormwater, which thereby may be perceived as a nuisance.

Similarly, the early work on MFA in terms of societal metabolism (as put forward by

Brunner, 2004) was overly predefined by activity (such as hygiene activities or cooking

activities) and therefore did not easily fit the available data (Barles, 2009). Brunner

himself argues that certain activities described in this manner need to be updated as the

materials required to fulfil these activities have changed dramatically in only the past 20

years, and will continue to evolve as technology progresses; furthermore, he quite rightly

points out that different cities will have vastly different priorities according to their unique

characteristics (Brunner, 2007).

Most cities worldwide are currently growing, with inputs usually drastically higher

than outputs, resulting in rapid material accumulation due to growth in population but

also because of the increasing in citizens demand for material goods, such as floor space

and lifestyle goods (Brunner, 2007). The type of material accumulated has implications
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for the residence time of the materials, which in turn informs future waste and emissions

as old items are replaced with new or old building stock is demolished. For example, the

insulation method du jour determines the amount of heat released by a building, affects

its carbon dioxide emissions from heating and cooling, and whether it contains toxins

(such as asbestos). Today’s stock (for example, lead found in water pipes) is tomorrow’s

waste, but alternatively could be re-purposed as a resource. The ratio of input to output

amongst cities varies depending on the age of the city. Younger cities (generally those in

developing countries with rapidly-urbanising populations) have ratios close to 10, implying

a huge amount of mass accumulation; mature cities (particularly European cities) have a

ratio close to one, implying an almost-steady state (Brunner, 2007).

MFA has been applied in a limited capacity to a small selection of islands in previous

studies, including the industrial sector in Puerto Rico and the solid waste chain in Oahu,

in Hawai’i. In the latter, issues relating to imports, exports, re-exports, consumption,

and substitution were considered and long-term social and legislative strategies suggested

to reduce the impact of municipal solid waste on the island, by complementing existing

conservation and recycling efforts (Eckelman & Chertow, 2009).

3.4 Comparison of Urban Metabolism & Material

Flow Analysis

MFA studies were initially envisaged as a means of environmental planning at the national

level. They are put forward as a method of addressing sustainability and resource manage-

ment issues by looking at short- and long-term loadings (as opposed to concentrations,

as is the conventional measure of environmental pollution), thus taking a more proactive

stance than the traditional end-of-pipe environmental management strategies (Hendriks et

al., 2000). In MFA, current and potential accumulations of substances are seen as stocks

that can be used as a resource in the future. In a way, UM may be thought of as less

detailed MFA, following multiple substances at a time rather than just one, through a path

focussed more on geography (i.e. urban areas) than on a material’s cradle-to-grave life cycle.

Compared with UM, MFA is generally less concerned with the human needs perspective,

instead providing the means to assess the environmental impacts and distribution of a

given substance.

From a methodology point of view, there is a particularly interesting difference between

UM and MFA: although MFA is the more recent of the two, it has become somewhat



3.4. COMPARISON OF URBAN METABOLISM & MATERIAL FLOW ANALYSIS39

standardised, broadly assessing similar equations (inputs versus consumption and pro-

duction versus outputs) for different substances and different locations. In contrast, UM

has been around since the 1950s (as described in Kennedy et al., 2007) but has not yet

achieved a widely accepted methodology; instead, each study tends to look at some aspect

of needs (and may cover all physical needs, such as Sahely et al. (2003), or just one, such

as nutrients in the case of Baker et al., 2001), with different boundaries, different aims,

and different levels of detail.

UM results are generally presented on a per-capita annual basis for comparison with

other years in the same location or other locations in the same year; whereas MFA results

tend to be presented as totals per annum, independent of population. Barles (2009) used

standard Eurostat data to construct a MFA for an urban environment (Paris); it thus

stands to reason that conversely, the UM approach could reasonably be applied to the

MFA’s usual arena of a whole country (Hodson et al., 2012). The lack of standardised UM

framework is acknowledged as an issue to be worked through, and several methodologies

have been proposed. For example, Kennedy and Hoornweg (2012) propose a specific

framework for UM which they call Requirements for Abbreviated Urban Metabolism

Studies to enhance comparison between cities, which includes parameters to describe how

the city’s infrastructure and services can improve living conditions. Ramaswami et al.

(2012) proposes a similar method, though neither of these has been widely ratified amongst

the UM community as of yet.

UM has often been described as having potential for more intelligent infrastructure

planning, particularly in ‘closing the loop’ and allowing design of infrastructure for

sustainability (Kennedy et al., 2007; Huang, Yeh, & Chang, 2010). The U.S. Environmental

Protection Agency (EPA) has, since 2002, recognised the significance of environmental

issues relating to extraction, use, and disposal of the vast amounts and variety of materials

that come from and are returned to the Earth, and proposed that society should paradigm

shift away from managing waste to managing materials. Their view is that improving

our choice of materials, and anticipating and enabling resource conservation and recovery

throughout the supply chain, is the best way to conserve resources and reduce the impact

of resource use over a material’s life cycle (Allen, Halloran, Leith, & Lindsay, 2009). Yet

UM conventionally stops at the boundaries of the system being examined and ignores the

relationships within the system and those between the system and its external flows (the

‘sources and sinks’), limiting its usefulness for planning infrastructure inside the study

area. If cities have an increasingly global hinterland (Weisz & Steinberger, 2010), then

countries do even more. These of course contain the aforementioned cities, and add rural

areas to which imports from other countries are entering. Likewise, whether or not MFA
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tracks more than one substance at a time, the analysis tends to ignore the needs of the

population, thus is not useful for assessing the infrastructure needs of a productive and

consumptive extra-urban system.

Taking into account indirect flows is critical. For example, Paris’s total energy con-

sumption has been stable for the past ten years, whilst its primary energy consumption

continues to increase (Hodson et al., 2012). In this case, and given that the metabolism

concept is believed to be helpful for infrastructure planning, it would be neglectful to

ignore the infrastructure supporting the city which does not lie within city boundaries,

and also supports rural communities. From this perspective, there seems no reason not to

consider the rural hinterland as part of the ‘urban’ metabolism, and shift from thinking

about an UM to thinking about a country’s societal metabolism, or even a global one.

Ramaswami et al. (2012) describe cities as being embedded interdependently in large-

scale infrastructure and social-biophysical systems that supply their required natural

resources over typically long distances. Their sustainability, the authors argue, is thus

intrinsically linked to the complex interactions between the natural environment, extra-

urban infrastructure, and the many social and institutional actors that participate in

and govern these interactions. As previously discussed, one shortcoming of UM as it

stands is that it does not consider any kind of process taking place outside the urban

system; MFA on the other hand does not consider infrastructure, whether in the form of

engineered structure, or social or institutional infrastructure. Barles (2009) notes that in

the MFA for Paris and its region, a new indicator was required on top of the standard

set for MFA in order to accurately reflect the data and the necessary connection to the

natural environment, which the author called ‘LEPO’ (local and exported flows to nature).

Attempts by industrial ecologists to understand the city as an ecosystem have been limited

by a lack of knowledge of how human and natural systems interact to create specific

emergent properties (Xu et al., 2012). The interactions of these diverse systems, including

engineered and informal infrastructure, are fundamental to designing sustainable societies.

Another common criticism of MFA is that it does not specifically illustrate environ-

mental impacts such as greenhouse gas emissions or release of toxic metals into water.

Indicators have been proposed to incorporate this aspect, more common in life-cycle

analysis, into MFA (for example, Allen et al., 2009), but these still do not reveal the role

of infrastructure in the socio-economic system, or support the development of policy for

sustainable management. While MFA will often include non-urban areas, such as mines

from which the studied material is quarried, UM, by its very name, is applied only to urban

areas. Philosophically, UM is a means with which to visualise and quantify the needs and



3.4. COMPARISON OF URBAN METABOLISM & MATERIAL FLOW ANALYSIS41

Figure 3.3: Linear and circular urban metabolisms: differences in resource use. Source:
Meijer et al. (2011).

wants of the city, a place of (agricultural) consumption and (industrial) production, and it

is naturally seen as a way of embedding sustainability principles into the development of

the city and its infrastructure.

Meijer, Adriaens, van der Linden, and Schik (2011) note that today, societal metabolisms

– especially those of developed countries – tend to be linear in nature, with inputs coming

from the hinterland and outputs (waste) being returned to the hinterland with little or no

opportunity for reuse. The authors suggest that a sustainable metabolism would be more

circular, with few inputs from outside the urban system, intensive reuse and recycling of

products within the system, and low levels of waste and emissions discharged beyond the

system boundaries (see Figure 3.3). This model, with essentially zero emissions and all

waste returned as an additional system input, would result in significant mass accumulation

over time, which presumably would be sustainable only if this accumulation matched the

population growth of the city, i.e. so that the carrying capacity remained the same. Cities’

linearity (mainly inputs and outputs with little intra-urban resource cycling) makes them

vulnerable and highly dependent on their hinterland for both supply of resources and

disposal of wastes (Brunner, 2007).

UM and MFA share the advantage of quantitative analysis over indicator-based analy-

ses, which have their own merits but remain subjective and do not necessarily consider all

potential effects or relevant activities, so remain subject to debate over their usefulness.
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Quantitative analyses offer the possibility of reviewing the system in question without

relying on specially selected and weighted impacts, allowing identification of interdepen-

dencies between different parts of the same system where redirection of resources could

result in a more sustainable or circular metabolism, as shown in Figure 3.3. Of course,

interpretation of the quantitative findings must be made following the analysis, meaning

total objectivity is impossible.

UM and MFA both treat the national economy as a ‘black box’, and similarly ignore

the role of the natural environment. It is widely agreed that natural capital, which includes

air, land, water, habitats, and wildlife activities, is a critical component of the societal

metabolism and of ‘strong’ sustainability (Ekins, Simon, Deutsch, Folke, & Groot, 2003). If

we are to control or reduce our material and energy consumption and develop a sustainable

way of life, ignoring the inside of the black box and the contributions made by nature are

major oversights (Inostroza, 2014). Knowledge of these ‘hidden’ flows, their stocks and

accumulation, their transformations, and their consumption within urban systems (and

beyond) is a key element in moving UM and MFA into truly useful planning tools.

Some early attempts have been made to identify and analyse mathematical relationships

between supply chain infrastructure that serves a whole city, instead of the residential-

consumption footprints that most UM authors focus on (Chavez & Ramaswami, 2013).

By understanding these interactions, the next low-hanging fruit in the road towards

sustainability can be identified. This, of course, assumes that by better understanding

metabolic flows, we will gain some understanding of how different urban forms, lifestyles

or standards of living, and infrastructure may affect differences in society’s metabolism.

Regarding UM, Xu et al. (2012) argues that cities are complex systems which often

develop in an ad hoc fashion, have no equilibrium point or steady state, and do not have a

developmental end-point, for which the specific interactions between infrastructure systems

that shape the system’s metabolic flows are not yet well understood. The United Nations

Environment Programme (UNEP) has identified five key areas based on infrastructure

themes to achieve resource-efficient cities, yet stresses that the most important aspect is

integration between sectors and across scales (Kennedy et al., 2012).

UM and MFA are not extensively used in developing countries (Barles, 2009), perhaps

as these are more intractable and data are harder to collect (Decker et al., 2000). MFA

has been applied more widely in developing countries, perhaps as a result of Eurostat’s

adoption of the analysis, whereas UM has mainly been studied for industrialised western

cities, particularly in North America and Central and Western Europe.
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3.5 Alternative Approaches

Many varieties of sustainability indicator have been mooted over the years; the debate is

far from settled. These indicators are an attempt to translate qualitative features and/or

to rank quantitatively measurable impacts into analyses that planning and environmental

authorities can work with. In the process, subjective weightings are added to the analysis,

and because of the nature of qualitative considerations, sustainability indicators can never

be fully comprehensive. The full gamut of sustainability methodologies is too broad to fully

explore here; instead, alternative techniques which were considered for their quantitative

basis are discussed.

3.5.1 Ecological Footprint

Ecological footprint is a quantitative alternative to values-based indicators, assessing

the area required to supply the amount of resources a population consumes. This is

actually the inverse of the carrying capacity approach: it asks ‘how large an area of

productive land is needed to support a population indefinitely, wherever on Earth that land

is located?’ (Rees & Wackernagel, 1996). Ecological footprint analyses have often yielded

results indicating resource use some tens or hundreds of times larger than the area in

question. However, these do not consider biophysical setting, population size, or per-capita

consumption rates (Kaye, Groffman, Grimm, Baker, & Pouyat, 2006), which are pertinent

to sustainability discussion as urban areas are often more efficient users of resources than

rural areas (Kennedy et al., 2010).

However, there is little room in ecological footprinting for analysis of infrastructure

planning, therefore it does not provide a means for addressing the study objectives. The

UM framework offers the advantages of better-defined system boundaries, input and

output accounting, a hierarchical approach, and decomposable elements over the ecological

footprint method, and analyses the outcomes of policy and technology changes in their

efficacy of achieving sustainability goals (Kennedy et al., 2014).

3.5.2 Socio-Ecological Infrastructure Framework

Socio-ecological-infrastructural framework (SEIS) was therefore proposed as a means to

unite the disparate methods of UM and life-cycle analysis (LCA), with a view to identify the

embodied water, energy, and greenhouse gas footprint of cities’ extra-urban infrastructure
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supply chain. The footprints articulated by SEIS are intended to inform decision-making

policy for controlling cross-scale and cross-sector environmental management and public

health strategies (Ramaswami et al., 2012). SEIS is a step forward in interdisciplinary

framework for sustainable development, particularly in recognising the need for considering

extra-urban infrastructure as well as social and institutional influence, but builds on

the UM method in a qualitative direction. A quantitative method was required for this

research, to address the study objectives.

3.5.3 Technomass

‘Technomass’ is a method of measurement for the rate of material accumulation in cities,

a continuous process that varies from city to city depending on location and age of the

urban environment. This attempts to look inside the ‘black box’ used in UM, revealing

spatial profiles and intensification of accumulation rates over time to connect metabolic

characteristics with urban form and thereby linking UM with MFA and urban planning

(Inostroza, 2014). The base unit of technomass is the m3/hectare, reflecting material

accumulation as a volume of mass per unit of surface area.

Interestingly, the methodology differentiates between ‘anabolic’ (referring to mainly abi-

otic accumulative resources, i.e. technomass) and ‘catabolic’ stocks (being biomass/energy/water

resources, otherwise known as ‘transformed materials’ according to Decker et al., 2000,

which get cycled through the system). For example, a piece of wood used in a desk would

be considered anabolic, whereas a tree or charcoal (as a fuel) would be considered catabolic.

Whilst looking inside the black box is a useful advance in the field of UM and MFA, a sole

focus on the material accumulation of a city necessarily ignores the other critical ‘living’

flows into the city, and also ignores the extra-urban components of the inflows.



Chapter 4

Methodology: A Model for Societal

Metabolism

4.1 Development of a Sustainable Societal Metabolism

Model

4.1.1 Modelling Approach

Whilst improvements in efficiency of resource use is often seen as a first step towards

sustainable resource management, holistic ‘whole-system’ design can facilitate more radical

changes and achieve much more than a ‘softly softly’ approach (Hodson et al., 2012). The

principles of UM and MFA, along with the sustainability basis of carrying capacity, show

potential as a modelling tool for indicating the needs and production capacities of SIDS,

and therefore whether and how they can become self-sufficient. Uniting the two approaches

would therefore generate a more insightful perspective by describing the metabolism not

just by its gross inputs and outputs, but by tracking where material and energy flows

go within the system after entering it, and where they arise from before exiting it (i.e.

producing a ‘transparent’ metabolism, or opening up the ‘black box’).

A methodology borrowing from both styles of analysis would reveal a more detailed

type of societal metabolism, in which the underlying vectors are more apparent – and

therefore the relationships between infrastructure systems involved in resource management

are readily identifiable. Tracking the life cycle of each resource flow within the societal

metabolism enables better understanding of the interactions between various systems

of infrastructure required to support the population. These insights may be useful in

45
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determining whether the area in question has the potential to become fully sustainable

and how it can be made so. An ‘urban metabolism 2.0’ proposed by Pincetl, Bunje, and

Holmes (2012) seemed to suggest doing MFA and UM under one analysis, without uniting

the approaches any other way, and lacked technical details on how the results could be

interpreted together.

Though they maintain independent identities, the many philosophical similarities

between MFA and UM have led to these distinct analyses becoming at times somewhat

blurred in the literature. Their shared systemic mass balance approach has resulted in

an increasing number of examples of UM studies with distinctly MFA characteristics in

the way they subdivide flows and consider subsystems within the overall system of the

societal metabolism, for example by Barles (2009) and Kennedy et al. (2010). In line with

the stated research objectives of assessing the feasibility of a sustainable SIDS society, a

methodology to characterise both the internal systemic relationships and external resource

flows of the societal metabolism of a small island state was developed, as explained in the

following sections, that combined the most useful aspects of both UM and MFA.

However, substantial differences between the two approaches remain, and these had to

be addressed in attempting to develop a single methodology applicable to SIDS. Defining

the internal and external system boundaries were notably important in this context, in

particular how to divide the boundary between human and natural systems, how to define

distinct infrastructure systems, and how inputs and outputs should be grouped (see Section

4.1.4). Other issues and details dealt with include how to bring the concept of carrying

capacity into UM and MFA (as discussed in Sections 1.3.3 and 4.1.3), how to characterise

infrastructure in a way conducive to the intended methodology (in Section 4.2.2), how

to generalise the model in software and build in dynamic capability (the development of

which is detailed in Section 4.3), and how to present and interpret results (as shown in

Chapters 5 and 6).

4.1.2 Conceptual Model Development

Because of the high levels of crossover between different infrastructure systems, the needs-

based perspective of UM was taken as the basis for the conceptual model, to ensure basic

needs would be met. This was based on the metabolic scheme centred on the human

metabolism: fulfilling needs and producing waste (as shown in Figure 4.1). The basic

human needs and waste production were pared back to their simplest elements, then the

infrastructures pertaining to each need/waste were grouped appropriately, as shown in



4.1. DEVELOPMENT OF A SUSTAINABLE SOCIETAL METABOLISM MODEL 47

Figure 4.1: An example of an urban metabolism study: The 1997 urban metabolism of
Hong Kong, as seen through provision of basic human needs and waste vectors. Food,
water, wastewater, and residential solid waste in t/capita, CO2 and BOD5 in kg/capita,
and electricity in MJ/capita. Source: Sahely et al. (2003).

Figure 4.2.

Each type of mass goods were categorised as one of the UM flow types, being water,

food, energy, materials, solid waste, wastewater, or emissions. These were then grouped as

Inputs, Outputs, Imports, Exports, Re-exports, Local Production, and Losses (including

waste), as follows:

• Inputs were defined as all available inputs into the system (Equation 4.1, equivalent

to MFA Equation 3.1), as determined by the metabolic system boundaries (which

will be discussed in Section 4.1.4);

• Consumption was defined as everything that is consumed locally (Equation 4.3)

• Outputs as all outputs from the system (Equation 4.2); and

• Production as everything produced locally from local resources.

The full set of MFA equations could not be used in this analysis, as data on hidden or

unused flows were unavailable.

Inputs = Local Production + Imports (4.1)

Outputs = Exports + Losses (4.2)

Consumption = Inputs − Losses − Exports (4.3)
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Figure 4.2: The human metabolism (fulfilling basic human needs and producing waste;
green box) at the centre of the societal metabolism. (Note that shelter is encompassed by
the Materials category.) Infrastructure systems within the societal metabolism are shown
as purple boxes, supplying or disposing of needs or wastes (yellow boxes).

4.1.3 Carrying Capacity Through UM and MFA

Proponents of UM and MFA point out that the analyses could have an important role in

sustainable development, particularly in infrastructure planning (Kennedy et al., 2010);

however, these approaches seem to focus more on resources themselves than the human

need for and consumption of these resources, even though this consumption is key to the

sustainability of a city and its supporting hinterland. If a methodology based in UM and

MFA is to be useful in sustainability assessment and infrastructure planning, they must

be examined through the lens of carrying capacity.

If a societal metabolism needs to be circular to be sustainable (as suggested by Meijer

et al., 2011, and shown in Figure 3.3), then the concept of carrying capacity needs to be

introduced into the planning and development of that metabolism, no matter the size

of the hinterland (such as in Sundkvist, Jansson, Enefalk, & Larsson, 1999). For SIDS,

oceanic boundaries historically kept the islands’ populations in balance with the available

natural resources; i.e. there was no spare land from which to draw additional resources.

Technology allows an artificial separation from the carrying capacity of any given area,
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along with a usually higher material standard of living, however even a carrying capacity

enhanced by technology has its limits. At present, SIDS import a large amount of their

food, energy, and materials, relying on shipping to support a more and more western

lifestyle which would otherwise be nearly impossible given the islands’ limited natural and

human resources; it is probably safe to say that their natural carrying capacity is being

exceeded, and arguably so is that of the entire planet (Rockström et al., 2009).

Carrying capacity as a concept can be difficult to nail down because of the influence of

fossil fuel energy and continually advancing technology. Does it refer to the maximum

population possible, consuming the absolute minimum physical requirements for survival,

or does everyone get to consume as much as they want, thereby drastically reducing the

total population that can sustainably live in a given area?

Determining the number of people that an island is capable of supporting first requires

standardisation of how much they consume. The present level of input and consumption

of mass goods by UM and MFA enables analysis of carrying capacity without adjusting

expected living standards.

Using the Consumption calculated in Equation 4.1 as Total Resource Supply, Resource

Availability (as mass or energy per capita) may be determined according to Equation 4.4:

Resource Availability =
Total Resource Supply

Population
(4.4)

If Input (from Equation 4.1) is used instead of Consumption, Resource Availability will

reveal the theoretical maximum in a perfectly efficient system, i.e. if no waste were created.

Because of the elastic relationship between supply and demand in any free economy,

the Resource Availability term in Equation 4.4 can also be equated to Resource Demand,

if existing living standards are to be maintained. Equation 4.4 can thus be rearranged as

follows, to reflect the maximum population an area can currently support:

Population (Carrying Capacity) =
Total Resource Supply

Resource Demand
(4.5)

Or, looking at the population that an area can sustainably support (in other words, its

Carrying Capacity), the Total Resource Supply term can be modified to only account for

locally-produced goods (using Local Production, from Equation 4.1).

Equation 4.5 reflects the dynamic nature of supply and demand in that an increase in

resource availability (or, amount available or required per capita) will cause a decrease

in carrying capacity, unless supply is proportionally increased. Through Total Resource
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Supply (Equation 4.6), it relates infrastructure to carrying capacity.

These same equations can be rearranged to show the total resource supply required or

available, as follows:

Total Resource Supply = Resource Availability× Population (4.6)

4.1.4 System Boundaries

In this methodology, it was necessary for the whole country to be included geographically,

including its exclusive economic zone. This decision was made because background of

the study came from SIDS sustainable development, but it also has broader theoretical

relevance to the development of the UM field. In the context of the metabolism concept

being proposed as a potential aid in infrastructure planning, the infrastructure supporting

a city which does not lie within city boundaries and also supports rural communities,

such as municipal water supply and national electricity grid, cannot be ignored. From

this perspective, there is no reason not to consider the rural hinterland as part of the

extra-urban metabolism, and shift from an urban metabolism to a regional or country-wide

metabolism, or even a global one, more true to the idea of a full societal metabolism.

Because of its focus on physical needs and quantitative modelling, social aspects were

outside the scope of the study, although cultural characteristics are used where relevant to

interpret elements of the results and analysis.

The difficulty of drawing meaningful system boundaries is a prevalent issue for UM and

MFA. No common definition exists for ‘urban area’ and ‘city’; this hinders straightforward

comparison between UM methodologies and results (Weisz & Steinberger, 2010). If it is

to be applied to SIDS in the context of sustainable development, UM presents specific

challenges. For example, re-exports (goods that are shipped to one location with the

intention of shipping them on to another location) can contribute significantly to SIDS’

GDP but are not part of the indigenous metabolism. Similarly, tourism is an essential

component of most SIDS’ economies, but due to their remoteness tourists travel a long

distance (usually by air) to reach their destination. SIDS reap the benefits of this long-

distance travel but it is not within their means to make this transport more efficient, so

do the emissions and resources used belong to the SIDS or the tourists’ home countries?

The chosen system boundaries could clearly have a significant effect on the results.

This difficulty is echoed in previous MFA studies, such as that of the waste management

strategies for Oahu, Hawai’i, whose authors note the complication of the blurring of material
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flow categories (Eckelman & Chertow, 2009); in this case, 70,000 t of paper were consumed

within the economic system, but 360,000 t of waste paper were generated. The disparity

was believed to have occurred by waste paper originating as packaging or as other products,

such as catalogues, however the exact portion of basic unprocessed paper that initially

entered into the economy was not ascertainable due to the complexity of the system. This

demonstrates the difficulty of extricating individual flow information in complex systems

such as a societal metabolism, and the importance of meaningful categorisation of flows.

Although there are many components within infrastructure, they are not all equal with

regards to the supply of basic needs that underpins the UM approach of characterising

flows as food, water, energy, and materials. While buildings, roads, and communications

are vital aspects of infrastructure in every society, they are not directly responsible for

fulfilling basic needs. In the case of roading, which is responsible for delivering – but not

producing – items necessary for sustenance, transportation infrastructure is indirectly

measurable in Materials supply, and energy use for transport purposes is contained in

the distinct category of Transport Systems. The latter combines road transport with

sea-borne transport, examples of important parts of the wider infrastructure network

that are necessary to the metabolism but not directly productive. Thus buildings and

communications infrastructure are not specifically separated despite their usual status

as items of ‘built infrastructure’. However, the materials they consume and wastes they

produce are quantified via materials consumption and Construction & Quarrying Systems.

It was unnecessary to form a complete inventory of the area’s natural systems, because

only the anthropogenic (societal) metabolism was investigated. Though these may be

useful in future modelling, for this study a full account of the resources present in natural

ecosystems was outside the scope. For example, fish taken for consumption or export were

included, but fish left in the sea were not. Likewise, oxygen flows were not included except

via fossil fuel combustion; though it is present in natural processes such as respiration,

oxidation, and photosynthesis, the large atmospheric reservoir allows the assumption that

oxygen is in infinite supply for sustainability purposes. Water and air flows are not typically

included in MFA studies (Perez Manrique et al., 2013), however since in this methodology

(in accordance with normal UM analysis) greenhouse gas emission outputs are accounted,

it is logical that the inflow corresponding to these outflows should be counted. Mineral

resources may be considered part of an island’s material stock (and may also to contribute

to their exports) but they may not yet be exploited, in which case they are not yet a

material flow and may never become one if the source is economically unviable. Thus, like

the flows of natural resources which may never cross paths with the societal metabolism,

mineral resources were not quantified except where currently extracted for use in the
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human ecosystem (also known as the anthroposphere).

The conceptual model developed takes into account agricultural systems, which do not

typically figure in UM due to their negligible occurrence in urban areas, though they are

important to the societal metabolism for food supply and provision of various materials.

The broader category of agriculture was subdivided into animal and plant production

systems, and food processing was likewise split into household and industrial activities,

after the MFA by Neset et al. (2006). Quantification accuracy in the agricultural sector can

be problematic due to the natural variability between areas, the lack of measured inventory

for many natural resources and processes, the crossover in the paddock between plant

systems and animal systems (such as cows grazing under coconut trees), and difficultly in

separating out data on subsistence where it is common for subsistence farming to overlap

with commercial farming, for example selling surplus crops at market.

The activities of non-livestock animals were not considered due to the lack of data, so

ecologically significant flows such as movement of pollen and scavenging were not quantified.

Those included from agriculture were those which had direct human interference, such

as creation of organic waste, seed collecting, and deforestation emissions. Major natural

flows, such as plant uptake of rainfall and insolation, were quantified for comparison and

completeness, but were not counted in the totals for the societal metabolism, as these

sources are only indirectly used by humans. Heat emissions and non-greenhouse gases

are sometimes included in UM (for example, Decker et al. (2000)); however this was not

feasible for Samoa as there were no data available.

The socio-technical infrastructure systems pertaining to the anthropogenic needs and

waste products (as discussed in Section 4.1.2) were identified, along with each system’s

inputs and outputs and the fluxes between systems. The anthroposphere is underpinned

by the natural (eco)systems and cycles which provide vital resources such as sunlight for

energy and photosynthesis, rainfall which feeds crops and animals as well as supplying

household needs, pollination services, and abiotic resources such as rock and gravel.

Though the anthroposphere depends on these resource flows, measurement of the

various and fluctuating components of the natural ecosystem’s metabolism in its entirety

was not possible within the limits of the study. Furthermore, air and natural water flows

are not typically considered in MFA (Perez Manrique et al., 2013). An overview of the

flows of major resources and their context within the system boundary is shown in Figure

4.3.

The system boundaries as determined by this methodology resulted in the development

of an ‘infrastructure network’ diagram showing the role of each infrastructure system
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within the societal metabolism. An expanded (but still very simplified) schematic showing

the interactions between infrastructure systems in Samoa and flow vectors entering and

exiting Samoa’s societal metabolism is shown in Figure 4.4. Where multiple items overlap

within the metabolism, these have been simplified into a single arrow for legibility. Flows

are delineated as constituting one of the four main categories of UM before the human

component of the metabolism (denoted by dotted arrows) wherein they are consumed and

converted into waste products. Inputs, or ‘sources’ are the vectors from which material

flows enter the anthroposphere, for example from the natural ecosystem, the abiotic sphere,

the ocean, the atmosphere, or imports (shipping or air freight). Outputs, or ‘sinks’ are the

reverse, and include endpoints such as landfills (or the local environment in the case of

dumped waste), the ocean, the atmosphere, and exports.
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Figure 4.4: Conceptual division of societal metabolism into infrastructure systems supporting basic human needs, and the flows
(indicating movement, whether physical or change in type of use) between them. Flows are delineated as constituting one of the
four main categories of UM before the human component of the metabolism (green) wherein they are consumed and converted
into waste products. Where multiple items overlap within the metabolism, these have been simplified into a single arrow.
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4.1.5 Functional Units

As mentioned in Section 3.4, UM and MFA do not share the same functional units. MFA

takes the most appropriate form for the material of the particular study, usually by

mass (e.g. tonnes), whereas UM studies often mix different functional units depending

on whether they are considering energy, materials, water, or food/nutrients, or all four

(Kennedy et al., 2007; Kaye et al., 2006).

The latter three are usually measured in tonnes, while energy is usually measured in

gigajoules (GJ), and the associated material weight (i.e. the physical tonnage of coal,

oil, etc.) is ignored so that energy density does not matter, in much the same way as

embodied energy is normally ignored for material flows. For this research, the usual UM

units were applied because it was logical, and simpler than any alternative.

One of the strengths of this type of functional unit, as opposed to embodied energy or

emergy (such as Zucchetto, 1975; Huang, Lai, & Lee, 2001; Huang & Hsu, 2003), is that it

is easy for planning authorities to understand (Kennedy et al., 2010). However, the mass

of energy-related flows is noted and discussed where appropriate, for example the mass of

wood used as fuel for cooking or the flow of water used to generate hydroelectric power.

4.1.6 Temporal Setting

In keeping with the accepted timeframe for UM and MFA studies (on a per annum basis),

the timestep for the model was set at one year. A time scale set over multiple years

is preferable for a small, agriculturally-based economy such as a typical SIDS, wherein

annual fluctuations in imports, exports, and production can be very significant. This study

took the average of two years of import and export data to limit the effect of unusual

fluctuations and ensure consistency with the actual situation in Samoa in 2009. Averaging

more than two consecutive years could just as easily risk losing accuracy by blurring out

the detail.

2009 was chosen as being the mid-point of the two most recent data years of continuous

data available at the time when data collection began. The month of August 2009 was

missing from the SBS archives, hence the years August 2008 to July 2009 and September

2009 to August 2010 were selected for data collection, so that the averaged results would

capture the 2009 societal metabolism of Samoa.
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4.1.7 Methodology Comparison

By using an anthropogenic infrastructure-focussed model, aspects of theory, such as

consideration of distinct socio-technical units and prediction of future trends, can be

overlaid with the quantitative grounding and immediacy of the case study approach,

bridging the gap between policy and practice. Infrastructure units can be as specific as

necessary, such as electrical power generation which has a narrowly defined set of inputs

(e.g. diesel, wind energy) and outputs (i.e. electricity), as opposed to wider categories

such as fisheries, wherein it may or may not be important to the system’s sustainability

to describe exactly which kinds of fish are included instead of a simplified description as

‘seafood’.

In this regard, the analysis is as subjective as any study with a policy-based impetus.

Informal or small-scale systems that are not infrastructure in the conventional sense but

have a role in supporting the human metabolism, such as household-level food processing

or rainwater harvesting for water supply, can also be represented by the methodology

developed in this research, which could be labelled wider-than-urban metabolism, basic

needs flow analysis, or as was chosen here in keeping with the literature, societal metabolism.

The advantages of societal metabolism analysis compared to conventional UM and MFA

are described in Table 4.1.
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Table 4.1: Key differences between this research’s societal metabolism methodology and conventional UM and MFA.

Aspect Urban metabolism Material flow analysis Societal metabolism
Purpose Intended to aid urban planners and lo-

cal governments.
Initially used for environmental pollu-
tion assessment, increasingly used for
analysis of resource provision.

Designed to support decision-making in
infrastructure systems and development
through quantitative analysis, to move
towards sustainability.

Approach Shows a limited number of resource
flows: those related to basic human
needs (food, water, energy; sometimes
materials) and certain types of waste
production – usually, but not necessar-
ily, all within the same study.

Typically only one resource is tracked
per study, in all its various forms, from
cradle to grave. Some MFAs track mul-
tiple substances at once in a more UM-
type analysis.

Shows resource flows in terms of human
needs (as in UM), and also in terms of
the resource inputs and outputs feeding
into and out of these resource flows (as
in MFA).

System boundaries System boundaries are geographic, de-
signed to encapsulate an urban area,
ignoring the hinterland in which goods
and energy are produced. This can dis-
joint infrastructure supply (and gener-
ated wastes) from its consumers; for ex-
ample, electricity is usually generated
outside the ‘black box’ in which it is con-
sumed. Thus CO2 emissions from elec-
tricity generation are not included in
CO2 production estimate for city, and
resource use efficiency is not included
in the analysis. Therefore there is a
limit on the detail of linkage between
the hinterland and the city, and thus a
limit on the level of potential efficiency
improvements and sustainability strate-
gies.

System boundaries tend to be defined
by the substance(s) being considered,
though often this is confined to their
occurrence within a specific geographic
area.

Boundaries are geographic for corre-
lation to carrying capacity and ease
of data translation (on a nation-
wide/region-wide scale), but are not
constricted to urban areas. This means
that all relevant components of the hin-
terland’s metabolism are included in the
analysis, indicating where it might be
possible to improve resource efficiency
or redirect the outputs back as inputs
to make the system more sustainable.

Continued on next page
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Table 4.1 – Continued from previous page
Aspect Urban metabolism Material flow analysis Societal metabolism
Flow accounting Inputs are not generally differentiated

from consumption, and thus efficiency
of use cannot be measured. Exports
(i.e. products originating within the
urban metabolism but being sold and
consumed outside the system) are not
necessarily differentiated, nor are re-
exports.

Practices vary but generally goods are
accounted by inputs and consumption
separately (i.e. TMI, TMC, etc.), and
different studies may also calculate dif-
ferent types of additional values for
waste, losses, etc.

TMI and TMC are distinguished, as
per MFA. Production within the wider
system which bypasses indigenous con-
sumption (e.g. fisheries’ catch sold
on the export market) is distinguished
from production for local consumption.

Subsystems There is no division of infrastruc-
ture subsystems within the urban
metabolism. Only mass goods enter-
ing and exiting the ‘black box’ system
are accounted, meaning that produc-
tion and consumption cycles occurring
within the urban boundaries are not
quantified or even identified. There is
no information on what is inside the
‘black box’ of the metabolism (whether
or not industries normally found in ur-
ban areas are within or outside the
metabolism). Because there is no trans-
parency within the metabolism, there
is no cross-linkage from outputs of one
subsystem to inputs of another.

Not categorised by needs or uses in an
anthropogenic system but by transfor-
mation or change of custody of materi-
als. All processes and systems encoun-
tered in a material’s life cycle are ac-
counted.

Full division of socio-technical infras-
tructure as appropriate, including for-
mal and informal infrastructure sys-
tems, which allows linking between sub-
systems. Flows can go through multi-
ple infrastructure subsystems (or trans-
formations) before ending up at their
‘sink’. Any system can output resource
flows into any other system if there is
a relationship between the two. The
‘black box’ consists only of the internal
workings of each infrastructure subsys-
tem (where transformations may take
place, e.g. diesel mass to electrical
energy, as relayed by the constituent
outputs) and the human metabolism
(i.e. below-household level consumption
of materials, food, water, and energy,
and production of wastewater and solid
waste).

Continued on next page
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Table 4.1 – Continued from previous page
Aspect Urban metabolism Material flow analysis Societal metabolism
Results Typically results take the form of a list

of basic needs items (food, water, mate-
rials, and energy) and primary wastes
(solid waste, wastewater, CO2, some-
times heat). While the model inputs
are easily traced to consumption and
requirements, what these inputs break
down into is not specified, and losses or
other wastes are not usually identified.

Generally a substance is tracked
through its full life cycle from primary
‘source’ to final ‘sink’ (i.e. cradle to
grave), but the specifics of how a sub-
stance is transformed along the way
(e.g. manufacturing processes) are not
detailed; only the changes to the sub-
stance itself are of note.

Resource flows may be differentiated
down as far as the data permit, re-
vealing the breakdown of the soci-
etal metabolism. Local production of
metabolic mass goods (and waste) is dif-
ferentiated from imported items. This
means all resource flows can be derived
from their original ‘sources’ or ‘sinks’
(e.g. local source or imported source,
or the final nature of waste disposal),
which can be used to determine car-
rying capacity and resilience (i.e. the
ability of local infrastructure systems
to support the population, and level of
dependence on imported goods).

Functional unit Tonnes (for water, materials, and food)
or GJ (for non-food energy).

Always measured in mass (tonnes). Tonnes or gigajoules (food and energy
use both units, as appropriate).
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Figure 4.5: Map of Samoa showing major land use types in 1999.’Upolu, the smaller island
on the right, is the more populated, and the sprawling capital (and main port) of Apia
is visible here in yellow. Savai’i, the larger island on the left, is more volcanic and home
to only about one quarter of the population, and most of the remaining forest. Source:
Ministry of Natural Resources and the Environment (2010).

4.2 Quantitative Model Development

4.2.1 Introduction to Samoa

Geography

Samoa is made up of nine islands having a total surface area of 2,842 km2, the two main

islands of Savai’i and ’Upolu making up the vast majority of the land area. The islands

are of volcanic origin and are rugged and mountainous in their interiors, with narrow

but fertile coastal plains. Its tropical location means Samoa is verdant where there are

adequate nutrients; recent lava flows on Savai’i remain barren (shown in red in Figure 4.5).

The coral reefs surrounding Samoa are not extensive but provide safe lagoons from which

to fish, which is traditionally done from a boat.

The climate is tropical, with little temperature variation across the year, but distinct

wet and dry seasons occur in October to March and April to September, respectively,

and tropical cyclone season occurring between November and March. Numerous rivers

and streams flow after rainfall, although few of these are permanent; western Savai’i and
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Figure 4.6: Breakdown of Samoa’s major land use categories, in thousands of hectares.
Data from Ministry of Natural Resources and the Environment (2010).

north-western ’Upolu, which are rain shadow areas, have fewer watercourses. A breakdown

of Samoa’s major land use categories is shown in Figure 4.6.

The 2011 census showed that there were 186,340 people living in Samoa, with 76%

living on ’Upolu, the same proportion as in the 2006 census (Samoa Bureau of Statistics,

2011a). Samoa’s population has been growing at around 0.6% per annum (∼1% natural

increase, less migration) for the past ten years, whereas the number of tourists visiting

annually has grown rapidly from fewer than 90,000 in 2001 to over 130,000 in 2009 (Samoa

Bureau of Statistics, 2009, 2011b). Local and tourist population growth over the period

1902 to 2011 is shown in Figure 4.7.

Samoa is ethnically and culturally Polynesian; its closest neighbour is American Samoa,

historically part of the same country, and its more distant neighbours (within a radius of

less than 1,000 km) include fellow Polynesian SIDS Tokelau, Tuvalu, Tonga, Niue, Wallis

and Futuna, and the Cook Islands, and the Melanesian SIDS Fiji.

The population tends to live in villages clustered around the coastal areas, and farms

the coastal strip and inland from their village to the nearest peak or ridge line (these

rings are easily visible in Figure 4.5). The capital city of Apia has shown strong growth as

people leave their rural villages and head to the city for better employment and educational

opportunities. The population density of Apia is 569 people/km2, which is among the

highest in the Pacific (Rasmussen & McGoldrick, 2008a), whereas the average population

density of Samoa is 63.2 people/km2 (The World Bank, n.d.).
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Figure 4.7: Population of Samoa (1902–2011, showing growth as blue-red continuum) and
tourist numbers (2000–2010, showing growth as purple-orange continuum). Dots indicate
census years. Data from Samoa Bureau of Statistics (2001, 2009, 2011a, 2011b).

Recent History

Prior to the 20th century, Samoa was already a trading hub for the Pacific. Apia was an

important supply port for Tonga, Tokelau, Tuvalu, Kiribati, the Marshall Islands, and the

Caroline Islands in Micronesia (Moors, 1986). The extent of early Samoan trade can be

characterised by groves of orange trees believed to have been brought from as far away as

Tahiti, which were planted along all public roads on ’Upolu and Savai’i. These were old

enough by the late 19th century to have grown over 30 feet high, but died due to bark

diseases that probably arrived also as a result of trade, before biosecurity was understood.

Taro could only fetch a market price if it was very high quality, though even then it was

very cheap, and breadfruit was too common to have any real value (Moors, 1986). Fish,

pork, and chickens were available, and beef from time to time, but the most plentiful source

of protein were native pigeons, which were so abundant that there was no meaningful price
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for them. Every family had at least one gun and hunters would regularly shoot forty at

a time, which were then boiled and stored in kegs of lard. This ready supply dwindled

as the pigeon population came to be infested with worms of an unknown foreign origin,

which decreased their numbers and size.

In the 1870s, the currencies used hailed mainly from South America: the Peruvian sol,

Chilean peso, and the Bolivian half-dollar, which was nearly worthless but most common.

Only the German settlers traded in foreign currency. In the late 19th century, houses

tended to be built 45 to 90 metres inland from the sea, in contrast to today’s practice of

building right up to the road that circles the coast. Islanders from Kiribati were brought

to Samoa to tend over 1,000 acres of cotton planted by Germans in the north-west area

of ’Upolu. Maize was widely grown and used to feed the plantation workers and animals.

Robert Louis Stevenson, the island’s most widely recognised resident, lived in Samoa from

1889 until his death in 1894.

Between 1889 and 1900, the United Kingdom, the United States, and Germany (each

of whom had established trade enterprises on the Samoan Islands) were engaged in various

disputes over control of the island group, along with warring factions of Samoans, rebels

and those loyal to the Prince. The United States won the Tutuila Islands (today known as

American Samoa), and Germany exchanged other territories with the United Kingdom to

gain colonial rights to the western islands, known thereafter as German Samoa. Prompted

by the beginning of World War I, at the request of Great Britain New Zealand troops

landed on ’Upolu on 29 August 1914, seizing the islands (renamed Western Samoa) for

the Allies. New Zealand continued to govern Samoa as a colony on behalf of the League of

Nations (subsequently the United Nations) until its independence in 1962.

Since independence (and finally being renamed Samoa), Samoa has become known

for, among other things: its highly-regarded rugby players; tropical cyclones Ofa and Val,

which hit the islands in 1990 and 1991; and the 2009 tsunami which tragically killed 189

people and destroyed twenty villages along the south side of ’Upolu.

Economy

Samoa’s gross domestic product (GDP) by purchasing power parity (PPP) in 2005 inter-

national dollars grew from $3,059 per capita in 2000 to $4,000 per capita in 2009 (The

World Bank, n.d.). By sector, the economy is made up of agriculture (11.6%), industry

(13.1%), and services (including tourism, 75.3%) (CIA, 2011). Tourism has grown from

being a very minor part of the economy in the early 1990s to accounting for 25% of GDP
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Figure 4.8: Samoa’s total inward and outward cargo shipping and number of cargo ships
present annually (2000–2009), in thousands of tonnes. Trendlines in black. Data from
Samoa Bureau of Statistics (2010).

in 2010 (CIA, 2011).

While imports and exports both increased over the period 2000–2009, growth in imports

outpaced growth in exports, meaning at present the balance of trade deficit is slowly

expanding (see Figure 4.8). Imports of raw agricultural materials are small, growing slowly

from 1.42% of merchandise imports in 2000 to 2.17% in 2009; imports of food products

are relatively higher but did not show a long term trend over the period 2000 to 2009,

fluctuating between a decadal minimum of 19.8% of merchandise imports in 2006 and

maximum of 30.1% in 2009.

Samoa’s light industry has expanded in recent years and export commodities include

fish, coconut oil and cream, automotive parts, garments, and beer, albeit in relatively

small quantities. Foreign aid and remittances from migrant workers and expatriates also

account for a large proportion of GDP, as remittances received grew steadily from US$45

million in 2000 to US$124.4 million in 2009 (rising from 18.3% to 25.1% of GDP), and

foreign aid grew from US$43.8 million in 2000 to US$78.6 million by 2009 (The World

Bank, n.d.). The Samoan balance of trade by materials and food are shown in Figures
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4.9a and 4.9b, respectively.

Fuel imports grew year on year from 12.5% of merchandise imports in 2001 to 23.7% in

2008, but fell to 18.6% in 2009, possibly as a result of the global financial crisis reducing

remittances. Manufactured products varied between 31.7% and 41.2% of merchandise

imports between 2002 and 2009 (The World Bank, n.d.).
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(a) Balance of trade by materials category.

(b) Balance of trade by food category.

Figure 4.9: Samoa’s balance of trade in mass terms for two consecutive years, from August 2008 to August 2010 (excluding August
2009 due to missing data). Imports are show as negative values, exports as positive. Data from Samoa Bureau of Statistics (n.d.).
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4.2.2 Samoa’s Infrastructure, by Metabolic Category

Food

The daily food intake (excluding food waste) for Samoans is 2,885 kcal/capita (UN Food

and Agriculture Organization, n.d.). Agricultural land area has risen slightly over the last

ten years from 630 km2 to 660 km2, or from 22.3% to 23.3% of the total land area. Forest

area has remained steady during this period at 1,710 km2 (60.4% of land area), as has

permanent cropland at 580 km2 (20.5% of land area) (The World Bank, n.d.).

The most common land use pattern in villages comprises a kilometre-wide coastal

strip for housing, with a mixed cropping zone immediately inland consisting of fruit trees,

bananas, and coconuts, and further inland, another food crop zone where taro, ta’amu, and

yams are grown (Ministry of Natural Resources and the Environment, 2010). About 87% of

agricultural land is under crops, 4.7% is under livestock (this proportion having increased

in the last decade), 4.3% is under bush and fallow, and 3.4% is under non-agricultural use

(Ministry of Natural Resources and the Environment, 2010).

As shown in Figure 4.10, Samoa’s local food production took a heavy hit in the early

1990’s as a result of Cyclone Val, which brought the taro worm, to that point Samoa’s

most important export crop. Exports of taro never recovered, though local production has

almost climbed back up to pre-cyclone values. Over the period 1960–2009, food imports

steadily kept pace with population, implying that the growth in total demand as a result of

population growth has been fulfilled by imported products, which represent an increasing

proportion of Samoans’ diet.

Figure 4.11 further breaks down the local production and consumption values, showing

the surplus of vegetal produce which forms the majority of exports, and the widening

deficit of meat products, much of which is now imported due to demand growing faster

than production. Whilst fish consumption is higher than production, the difference here

(representing imported fish products) is in fact greater than the graph shows, as roughly

one third of fish production is high-quality tuna, exported for the high market prices it

can attract, whereas locals tend to import and consume less valuable species.

Subsistence fishing and agriculture continue to make a significant contribution to

economic activity. The 2002 Agricultural Survey classified 77% of Samoan households as

agriculturally active; a higher proportion of Savai’ian households (94.9%) were agriculturally

active compared to those on ’Upolu (71%), reflecting rural-urban diversity (Ministry of

Natural Resources and the Environment, 2010). According to the 2005 Agricultural Survey
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conducted by the Ministry of Agriculture and Fisheries and the Ministry of Finance, 21.2%

of households harvest fish, and of those, 77% consume their entire catch; the rest sell

their surplus at market (Rasmussen & McGoldrick, 2008a). Food produced by households

for their own consumption accounted for just under 30% of all food consumed. Many

wage-earning households also engage in subsistence production to supplement their income

(Ministry of Natural Resources and the Environment, 2010). Due to the high level of

subsistence agriculture and fishing, Samoa has relatively good food security (Samoa Bureau

of Statistics & UNDP, 2010).

Water

There are four water treatment plants: three on ’Upolu, all of which supply the greater Apia

area, and one on Savai’i. The largest, on ’Upolu, shares a reservoir with a hydroelectric

generation plant. Actual production is estimated at 34,000 m3/day, 30% higher than

the plants’ stated capacity, and this higher production is adversely affecting the quality

of water treatment. At least 41% of water is unaccounted for compared with customer

metering, indicating a high degree of losses via leaky pipes (SOPAC, 2007).

In many places stormwater runoff is negligible by virtue of the very high porosity of the

volcanic soil. This means that the rain regularly tops up groundwater springs which many

people depend upon for their water supply. A conservative model taking a runoff coefficient

of 1% (Alfaro & Salazar, 2007), and excluding surface water diverted to municipal supply,

provided an annual runoff value of 33 Mt.

Based on the average annual rainfall, Samoa will receive approximately 8,427 Mt of

water per annum. Of this amount, 40 Mt are used for municipal supply, and 13.2 Mt of

that are shared upstream with a hydropower generator, rejoining the supply river just

upstream of a treatment plant. Pipe losses of 40% reduce the amount of water of surface

water delivered to customers to 24 Mt. In addition, many villages share boreholes for

groundwater supply, estimated by the Samoa Water Authority as totalling 11.3 Mt per

year.

Energy

Samoa’s electricity supply relies mainly on older diesel generators, supplemented by

hydropower and a very small amount of solar (via panels and hot water heating). Electricity

generation almost doubled between 1994 and 2006, from 59 GWh to 111 GWh (Rasmussen

& McGoldrick, 2008b). This substantial growth reflects a rapidly rising demand for
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electricity, due to both the expansion of the national grid and changing socio-economic

conditions, although electricity remains a minor proportion of energy use at 6.4% of total

energy supply.

Although Samoa uses both hydropower and diesel generation, hydropower provides a

shrinking contribution to electricity production. In 1994, 89% of electricity came from

hydropower schemes (Rasmussen & McGoldrick, 2008b); by 2006 Samoa’s hydropower

capacity was estimated at 75% of electricity demand in the wet season and 37% in the dry

season, though actual supply varies depending on rainfall (Hay & Sueasi, 2006). All five

micro-hydro stations are situated on ’Upolu.

Development of hydropower on Savai’i has remained in the planning stages for many

years because of the difficulty of obtaining consent from landholders of the river systems

involved, however new sites are being identified for both Savai’i and ’Upolu. The diesel

generator on the island of Apolima was replaced by solar panels which has doubled

electricity availability from 12 to 24 hours per day (Ministry of Natural Resources and the

Environment, 2010).

Biomass for cooking and drying of agricultural produce is estimated to comprise

nearly half of the total energy supply, or 3.1 PJ (Ministry of Natural Resources and the

Environment, 2010). The percentage contribution made by biomass to energy supplies has

been declining over the last twenty years as more households connect to the national grid;

more affluent households tend to choose alternative methods over wood, and so woodfuel is

used less for cooking as seen by Figure 4.12, reflecting a economic barrier to development.

Nevertheless, woodfuel remains the main source of cooking heat for most: in 2001, 92.9%

of households were using electricity for lighting, but 62.1% were still using firewood as

their cooking fuel (Ministry of Natural Resources and the Environment, 2010).

Petroleum imports consist of automotive diesel oil for power generation and land and

marine transport, and unleaded petrol used for land transport and outboard motors; these

two fuels each account for 25% of total energy supply (Ministry of Natural Resources

and the Environment, 2010). Overall system losses through the grid were estimated as

20% in 2006 (Rasmussen & McGoldrick, 2008a). The lack of capacity at peak times and

brownouts, and power surges caused by weak transmission, have led many hotel owners

and industrial and commercial users to operate their own backup generators to secure their

electricity supply, adding an estimated 26% to the grid’s capacity (Demafelis & Angeles,

2009).
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Figure 4.12: Source of energy for cooking in Samoa in 2008 (percentage by socio-economic
decile, ranked by per capita household expenditure). Data from Samoa Bureau of Statistics
and UNDP (2010).

Solid Waste

Samoans employ a variety of waste disposal options, despite a centralised rubbish collection

service being implemented over the past few years, which now serves ’Upolu and most

of Savai’i. In a recent study, it was found that only 45% of households were aware of

the rubbish collection and not all those aware made use of it (Sagapolutele & Rasch,

2008). 4% of households reported that they mainly burned their rubbish, 24% disposed of

their rubbish in the sea, and 14% disposed of their rubbish in the bush; the remaining

households did not specify.

It is common practice in the Pacific for households to employ multiple means of disposal

for different types of solid waste. For example, in Tonga (a culturally similar Pacific SIDS),

88% of households burn some of their solid waste in the yard, 40% bury some, 81% feed

what they can to pigs and/or dogs, 33% take it to the dump, 7% dump it in a lagoon,

57% reuse whatever they can, and 33% return bottles or cans for a refund where available

(Lal & Takau, 2006); so islands’ solid waste disposal methods can be complex.

The higher fraction of kitchen waste present in municipal solid waste testing (see Figure

4.13) compared to what is received by the landfill suggests that as per traditional cultural

practices, residents regularly feed kitchen scraps to their animals (pets and livestock,
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Figure 4.13: Household solid waste composition in Samoa according to various studies,
1994–2008. Data from Sinclair Knight Merz (2000a); Sagapolutele and Rasch (2008);
Ministry of Natural Resources and the Environment (2010).

especially pigs) rather than throw it away. Although it is illegal to burn or dump rubbish

in Samoa, the law is poorly enforced and smoke from burning is a daily occurrence

throughout the two main islands, and dumping in waterways is especially common in

villages and the Apia urban area.

Wastewater

Across Samoa, 61.9% of the population have access to a flush toilet with a septic tank,

11.4% use a pit latrine, and the remaining 26.4% use a pisikoa (pour-and-flush) toilet

with either a septic tank or pit (Ministry of Natural Resources and the Environment,

2010). In Tonga, only 37% of septic tanks were cleaned out at least once every five

years, as recommended (Lal & Takau, 2006); with frequently occurring biological issues in

groundwater, it is likely that septic tank leaking is common and widespread in both places.

Samoa’s young volcanic (and thus highly porous) soil means that any leakage can easily

enter the freshwater lens from which many villages extract groundwater for drinking and

other household purposes, meaning that good tank maintenance is essential. This may

not be the most effective sanitation technology, given the soil type.

Emissions

Samoa’s carbon dioxide equivalent emissions were 352,030 tonnes in 2007, against removals

(uptake by vegetation) of 785,070 tonnes (Rasmussen & McGoldrick, 2008b), making

the country a net CO2 sink. Although Samoa’s overall CO2 removals are larger than its

emissions, CO2 removals are dropping year on year, reducing the net sink effect over time.
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Figure 4.14: Samoa’s vegetative CO2 emissions and removals (2000–2007). Data from
Rasmussen and McGoldrick (2008b).

Removals via coconut and cocoa crops has reduced significantly in recent years, while

removals from forests has increased only slightly (see Figure 4.14). The latter is mainly

due to less logging activity, a result of both having less forest to log, and conservation

efforts to protect the remaining pockets of original and regenerating native forest.

4.2.3 Data Sources

The underlying structure of the societal metabolism of Samoa was obtained through

reports from the relevant departments of the Samoan government (mainly the Ministry

for Natural Resources and the Environment, Samoa Water Authority, Electric Power

Company, Ministry for Agriculture and Forestry, and Samoa Bureau of Statistics), and

from global and regional non-governmental organisations (NGOs), notably the World Bank

the Food and Agriculture Organisation of the United Nations (FAO). These reports covered

issues relating to a wide variety of Samoa’s infrastructure systems, such as agriculture,

population, socioeconomic conditions, environmental and water quality, and greenhouse

gases. Collecting the details of these systems discussed in each report allowed a complete
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picture to be built up; infrastructure systems were characterised and flows identified.

The model was constructed through several stages in a continuing evolution as data

were added. Initially SBS import and export data were categorised into useful categories,

and flow quantities were then populated through data obtained from online resources,

including databases of the UN Food and Agriculture Organisation (FAO) (UN Food and

Agriculture Organization, n.d.) and the World Bank (The World Bank, n.d.), and the

Samoa Bureau of Statistics’ (SBS) import and export reports (Samoa Bureau of Statistics,

n.d.). The data collection methods of these various sources are described in fairly obtuse

terms, and no information is provided on error or data accuracy; hence, there is no way to

numerically measure error for these databases.

Additional information was supplied by observations and interviews conducted during

a field trip in August 2011. In occasional cases where data conflicts arose, data published

closest to 2009 or corroborated by other sources were used in the final model. Where

insufficient information was available, supplementary data were incorporated in order

to calculate usable quantities. Due to the acknowledged lack of data for UM and MFA

studies, this is common practice amongst researchers; for example, Perez Manrique et

al. (2013) explains estimation methods for several aspects of their MFA for Argentina,

particularly relating to extraction in primary industries (as noted in Section 4.1.4). A full

list of data used, with derivations where applicable and references, is attached in Appendix

A: Model Notes.

4.2.4 Data Accuracy

Researchers of UM frequently recognise and lament the issue of a lack of continuous

and comprehensive data and have called for data collection on resource flows to become

mainstream (Kennedy & Hoornweg, 2012; Conke & Ferreira, 2015). The difficulty of

accessing data, deficiency of standard practices of data capture and reporting, and inherent

challenges of analysing metabolic flows has meant there has been slow growth in the field

of urban metabolism (Kennedy et al., 2014), despite frequent discussions in the literature

as to the usefulness of UM in planning and decision-making applications (Kennedy et al.,

2007, 2010). Periodically-available and harmonised data sets for national and regional or

urban scales would be greatly beneficial to UM and MFA studies (Weisz & Steinberger,

2010).

Many UM and MFA researchers, even those studying developed economies, have

commented on the dearth of high-quality data available for this type of study and the
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necessary reliance on third-party sources (see Barles, 2009; Allen et al., 2009; Færge et al.,

2001). The accuracy of results from UM and MFA is highly dependent on the accuracy

of the information collected or provided. In many cases, it is not realistically possible

to collect raw data for these studies, so data provided by public or private organisations

(such as the government-run statistics office or NGOs) were used.

As noted in Section 4.2.3, the reliability of data obtained through third parties cannot be

commented on, as collection methods are not generally explicit and numerical error analysis

not published, if it is even performed at all. Being that single third parties were often the

only data source, error analysis is impossible because of the absence of comparative data.

Although descriptions of the data collection methods are sometimes available, the reliability

of these methods can be compromised in many ways, thus representative data cannot be

assured. It is conceivable that as more data yields more analysis, more investment will be

made into data collection, and more data (with improved accuracy) will be generated and

available for UM and MFA studies.

In a small economy such as a SIDS, even minor external shifts can have large effects,

purely because of the relatively small trade volume. Although there is no obvious,

reasonable method for quantifying the error of this study, it is expected that the materials

category contains greater error than the other categories due to the higher proportion

of unquantifiable items in this category: items either listed according to SBS practices

only by their tax value or by unusable units such as number, pair, etc., which do not

reflect the required mass of the materials. The nature of these units means that, in the

absence of conversion factors, the relative proportion of missing data (and therefore the

level of accuracy) cannot be estimated. Excise duties were likewise unusable in determining

quantities due to the inconsistent valuation of goods.

Food data were available from both the Samoa Bureau of Statistics and the FAOSTAT

database, however analysis of the SBS food import data showed an impossibly large food

intake, which appeared to have arisen from mis-recording of data (the decimal place was

seemingly recorded one digit too far to the right) and incorrect use of units, and as a result

these data were omitted and the averaged 2008–2009 FAO data used in their place. The

food export data were slightly less consistent between the FAO and SBS, thus the FAO

data were used to keep consistency between the exports data and the rest of the food data.

The accuracy of the results cannot be determined without error information from the

original sources, and in the absence of further data for comparison. That said, the accuracy

of the results is not as important as the relative relationships between resource flows,

and the flows themselves; the proportions of inputs into each infrastructure subsystem
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and final consumption being more salient to characterising societal metabolism than

absolute amounts. Thus while the results presented in Chapter 5 are expected to contain

inaccuracies of an unknown extent, they nevertheless paint a picture on a relative scale

that can then be used to analyse sustainability and infrastructure development.

Validation & Characterisation

Normally, characterisation would be used to identify the defining parameters of the model.

This model cannot be directly characterised without a secondary data set to fit to. In this

case, the characterisation depends on the reliability of the raw data. In the absence of

another time-series data set with which to compare the model output, validation cannot

be made for the full model. This is normal within the field of UM and MFA, since very

detailed data has not been kept historically.

4.2.5 Model Inputs & Relationship Development

The desired model was to be a dynamic coupled model, which depended on derived

relationships describing the infrastructure systems of Samoa as revealed by data collection.

Through this process, the metabolic flows of Samoa were identified and connected with

related flows, breakdowns in usage, efficiencies, and other applicable parameters, which

also constituted a major part of the data collection process.

For example, the amount of diesel imported into Samoa is available from the Samoa

Bureau of Statistics, in tonnes; for more useful comparison, this would need to be shown

in units of energy rather than mass, as explained in Section 4.1.5. So, for imported diesel

as well as certain other goods that were counted by mass but needed to be compared

on an energetic basis, the value was converted appropriately (Perry & Green, 2008).

The efficiencies of the diesel generators and the amount of electricity produced annually

from all sources were obtained from the grid supplier (Atilua, 2011), and from this the

subsystem losses, hydropower contribution, and amount of diesel used for transportation

and construction and quarrying could be calculated. Then, using Samoa’s greenhouse gas

inventory, the amount of energy used for each of these two subsystems was proportioned

out relative to the amounts of CO2 produced, and the amounts of oxygen consumed and

water produced through these subsystems were then calculated based on the chemical

equations for complete and incomplete combustion.

This is a somewhat iterative process, as data that could not itself be sourced would
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need to be calculated, the parameters of which often differed from what was available in a

single source and required further research. The resource flows which were sourced directly

are listed in Appendix A: Model Notes, and calculated values are shown along with the

parameters used to calculate them (and their data sources).

By this method, all the flows listed in Appendix A: Model Notes (and carried through

to Section 5) were collated and related back to one another to form a cohesive model.

Values that could not be sourced directly or calculated from reliable sources were sourced

from viable alternatives, such as evapotranspiration rates from American Samoa (which

is geographically very close to Samoa and shares the same latitude and climate) (Izuka,

Giambelluca, & Nullet, 2005); others were assumed based on plausible similarity to other

locations for which research had been done, such as the production of manure by domestic

livestock (Barker & Walls, 2002).

4.3 Software Modelling

As a natural extension of the characterisation of Samoa’s societal metabolism through its

infrastructure systems (presented in Chapter 5), mathematical modelling of relationships

between and within infrastructure systems was also pursued with a view to dynamically

identifying the interdependence of links of every type between systems. This would have

been useful as a tool to support decision-making for planning authorities, in line with

the research objectives (an explanation of the characteristics of this kind of model are

elaborated in Table 4.2).

This model, if successful, would have facilitated prediction of Samoa’s future needs

and the ability of local infrastructure to supply the metabolic goods required to fulfil these

needs. Although this aspect of modelling failed, it is worth taking time to discuss the

findings that resulted from the attempts to build a software model, which had not been

previously attempted according to the literature, as it may provide building blocks for a

successful model in the future, when better data and software tools are available.

A dynamic societal metabolism model remains a valid goal on the basis that the

information that it could provide – assuming good quality data are available at all required

levels – would greatly enhance the decision-support for planning authorities. The model

was unsuccessful primarily due to lack of data in almost every subsystem. The following

sections explain the process explored, the software used, and some lessons learned for

future modelling.
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Table 4.2: Useful and limiting characteristics of mathematical modelling of Samoa’s societal
metabolism

Useful aspects Limiting aspects

Predictive tool for: Modelling characterises a single system; i.e.
ó Scenario testing & analysis would require substantial alteration in
ó Sensitivity testing data input for application to another
ó Parameter optimisation country or region

Simplifies and quantifies complex systems’ Errors are undefined due to lack of data
interdependent relationships Assumes linear trends (not necessarily true)

Identifies losses or unknown flows in each Necessarily ignores fluctuations (annual,
infrastructure system seasonal, decadal, etc.)

Could be used by:
ó Government (national & local)
ó Business & industry (commercial

opportunities)
ó Scientists, researchers

4.3.1 Approach

As of yet, software specifically designed for UM or MFA modelling does not exist. It

is likely there are several reasons for this: firstly, UM and MFA belong to a relatively

new science of industrial ecology; secondly, dynamic modelling would be either a trivially

simple (UM) or a highly complex (MFA) undertaking, so either way modelling effort is

hard to justify; and thirdly, the difficulty with obtaining data makes it almost moot. The

modelling stage was necessarily going to involve a high degree of experimentation, and

this was indeed the case.

For this stage, Samoa’s 2009 societal metabolism (as calculated by the previous stage

of modelling) was employed as the set of initial conditions to establish the dynamic

relationships between infrastructure systems. Viewing the societal metabolism of Samoa

as a complex adaptive system, the infrastructure systems were modelled as connected

subsystems, with unique relationships to their resources’ inputs and outputs and to other

infrastructure systems.

The data set of initial conditions was used to calculate constants and identify parameters

and variables affecting or controlling different aspects of resource flow. The resource flows

between Samoa’s infrastructure systems were calculated as algebraic equations, and this

was used as the basis for development of a generic software model.
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4.3.2 Model Construction

Starting from the quantified mass and energy flows, the anthropospheric system’s gener-

alised mass balance relationships were developed to describe the same flows as equations

rather than merely as quantities. This second step converts the model from a static

snapshot in time to a dynamic model that can be used to predict systemic behaviour under

a range of scenario conditions. The equations governing each relationship were established

in two ways.

The first was supply-side, based on axiomatic relationships; for example the energy

derived from hydropower divided by the estimated mass of water passing through the

hydrodam yielded the amount of energy available per tonne of water. The second was

demand-side, and relied on the principle that, aside from small stock fluctuations from

year to year, the amount of any resource supplied will generally correspond to the demand

for it.

Demand was determined using results from the first stage of modelling, and simulated

using predicted trends in population growth and consumption patterns. Some relationships

were determined only by supply-side or demand-side aspects, but some required both to

be taken into consideration in order to formulate the correct equation. In the case of

the latter, the maximum or minimum (depending which was more appropriate) would be

taken.

4.3.3 Timestep

The timestep (delta time, dt) for the software model was chosen as one year, in line with

the data set used as the initial conditions (and normal practice for UM and MFA, as per

Section 4.1.6), which encompassed all levels of normal fluctuation from diurnal to seasonal.

Thus one year was the minimum repeating unit, though naturally quantities would vary

from year to year, even if following a long-term trend.

4.4 Modelling Attempts

4.4.1 STELLA

The initial model for this research was attempted in STELLA (version 9.1.3), a software

package incorporating a graphical user interface with a background ordinary differential
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equations (ODE) solver. STELLA was employed for modelling purposes because its ODE

framework was appropriate for a system comprising mass flux such as UM or MFA, and

its automatic generation of graphs and interface layer with adjustable variables would

have sped up the process of scenario testing. A schematic showing the model developed in

STELLA is attached as Appendix B: STELLA Model Map.

Several characteristics of STELLA prevented the achievement of a running model.

These include:

• Float. STELLA’s dynamic float range (the way in which real numbers are repre-

sented in binary form by the software’s internal code) was inadequate to accommodate

the real numbers required for the model, for which the numbers involved ranged from

10−6 to 109 (sixteen orders of magnitude), and no higher float type was available.

This is avoidable by using intermediary equations to ‘step up’ or ‘step down’ values,

but made an inelegant solution and invited user error.

• Abstraction. STELLA could manage only two levels of abstraction before becoming

unstable and returning zero values where the correct value should have been non-

zero. The level of complexity within the model required at least three (but ideally

unlimited) levels of abstraction, allowing variables and constants to feed into other

variables and constants at multiple levels. This contributed to a partial failure of

the model’s internal consistency.

• Assumptions. STELLA makes certain internal assumptions about what kind of

connections may or may not exist between two entities; in some cases, the model

violated these assumptions and thus the results returned zero values, voiding internal

consistency. This would have been difficult to circumvent as it is built into the

structure of STELLA and it is unlikely that inserting intermediaries could have

prevented the programme from detecting the illegal connections.

• Physical rigidity. STELLA required every component within the system to be

classified as a stock, flow, or constant; many components of the real metabolism did

not easily fit within one of these categories, especially those that were a collective of

physical objects.

For example, Electricity Generation Systems, which stands in for the individual

electricity generators including several diesel generators and hydropower turbines,

was represented as a reservoir, although in fact it is an abstract concept representing

the physical reality; in this context the representation (a ‘black box’ subsystem
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wherein energy potential is converted to useful energy) is more important than the

individual generators (functionally equivalent to mere lumps of metal). Although the

metabolic components were modified to accommodate this requirement as well as

possible, it was a somewhat unnatural modification in many cases, and again resulted

in an inelegant method that would have created a barrier to readily interpreting

results.

• Feedback loops. One very useful aspect of STELLA is the ease with which feedback

loops are incorporated into the systemic architecture, however the programme does

not allow modification of the timestep for which a feedback loop is calculated – it

is always the present timestep. In certain cases, it is the previous timestep which

determines the mass flux for that resource flow in the present timestep, because of the

effect of the time taken to ‘fulfil’ that flow: for example, infiltrating rainwater takes

time to percolate through the soil into the groundwater reservoir; diesel is purchased

according to the past year’s consumption with assumptions about how that level

of consumption relates to the future need for it. In this way, STELLA was unable

to accurately represent the reality of the societal metabolism without changing the

components that the model was built from, which would have introduced a new set

of issues.

Being proprietary software, these characteristics of STELLA were unmodifiable and

generally unavoidable, hence another method of modelling was sought. Microsoft Excel

was considered as it contained adequate functionality, however it was rejected due to the

sheer size of the model – the complexity required would have made an Excel spreadsheet

highly unmanageable. MATLAB was subsequently identified as a potential modelling tool

due to its numerous ODE solvers, its high degree of flexibility, and the widely available

support for the programme in published documentation and within the University.

4.4.2 MATLAB

MATLAB is a numerical computing environment primarily developed to perform cal-

culations with matrices, but has broad additional capabilities including ODE solvers

and function plotting. The equations developed for the initial model in STELLA were

restructured for use in MATLAB, and with MATLAB’s increased flexibility, a number of

additional demand-side variables were able to be included in the relationship equations.

The model that eventuated was implemented via MATLAB’s in-built object-oriented

programming (OOP) language. OOP is a programming paradigm with a modular structure
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that easily lends itself to a hierarchical framework, where the constants and variables that

make up the equations (‘objects’) are aggregated into classes and sub-classes, making it

easier to manage complexity. Objects within a class share certain characteristics, which

become the properties defined for that class, though individual objects also have their

own properties or attributes, such as their numerical value or the variables that they are

calculated from.

Objects obey rules and function as methods set by the user, appearing as a simplified

interface that masks the componentry of their implementation details. Objects’ interactions

are controlled by a set of defined operations. Any application of the object further up the

hierarchy is necessarily bound by the rules set at the bottom, reducing the responsibility

of each application to ensure the object’s behaviour is within the allowable rules.

Salient aspects of the model developed in MATLAB are as follows:

• Solver. Because of MATLAB’s high degree of flexibility, there were many possibilities

for programming the metabolism model. Initially an ODE solver of a similar nature

to that used by STELLA was sought, however it became clear after initial testing that

this was unnecessary, as MATLAB was capable of dealing with algebraic equations

directly. This was made easier because the timestep was in-built into the results,

rather than the model itself, so there was no requirement for special treatment of

time in programming the model, i.e. no solver was required for running the basic

model (as distinct from running the model for optimisation purposes, discussed

below). This made it much easier to write equations into the model, and reduced

compiling time as computational effort was reduced.

• Algebraic equations. Much of the programming effort was directed into automat-

ically converting the derived generalised algebraic equations (which could be entered

into MATLAB in a human-readable format) into solver-friendly format, which would

have been used for optimisation (as this would have needed an ODE solver).

• Feedback. In general when programming timesteps and feedback, a simple loop

(most likely a ‘for’ loop) would be used. This works for a small group of equations, but

for this model, there were over seven hundred relevant equations. To get around this,

a kind of ‘feedback’ notation was introduced into the object fields of the algebraic

equations (i.e. [t-1], [t-2], etc.). The code would detect this and loop everything

automatically, saving the results of the previous execution of that loop and feeding

it into the next run of the loop.

• Individual sub-systems. Perhaps a subtle point, but each of the five main
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metabolic sub-systems (food, water, energy, materials, and outputs) and the equation-

solving code were written separately, so that the equation-solving code could be

tested in isolation, and once completed, features could be added without modifying

the metabolic equations, minimising the possibility for error.

• Maxima & minima. With a view to scenario testing, maxima and minima capabil-

ities were built into the variables object class, so that requirements and constraints,

such as the maximum performance of a particular infrastructure component or a

minimum amount of supply required, could be explored.

• Tree diagram. As a method of checking equations were entered correctly, and as a

tool for showing the hierarchy and interdependency of variables, the equation solver

was programmed to produce a tree diagram showing the network of parameters

feeding into each of the main metabolic sub-systems.

• Unit checking. An automatic unit check was programmed into the equation solver,

and units were required for the user-entered metabolic equations, providing an

additional level of error checking. This feature was in-built into STELLA.

Whilst MATLAB was an improvement on STELLA for modelling purposes due to its

superior programmability, this model was likewise unsuccessful due to lack of systemic

data to determine governing parameters, and difficulties avoiding circular references (a

consequence of limited data availability requiring estimations to fill in data gaps).

4.4.3 Lessons Learned

Despite a substantial effort towards finding applicable data and filling in known gaps

with reliable numerical methods, simply too much data was missing in every metabolic

sub-system (food, water, energy, and materials) to produce a model of acceptable accuracy.

As the data collection process for this study was so piecemeal and took such a long time,

and the modelling of the system was necessarily an iterative process, that there was not

enough data for a useful level of detail (i.e. for sustainability assessment purposes) became

apparent only after it was clear that STELLA would not be suitable for this kind of

modelling, and during the more granular process of modelling in Matlab.

Because the validity of every model depends on what assumptions have been made

around it, those assumptions become critical to reaching justifiable and credible results.

Assumptions are a necessary component of modelling but must be based on some piece of
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fact; in the case of modelling the societal metabolism of Samoa, while there were many

islands of fact, the distance required to bridge the gaps between those islands was too far

from defensible to proceed with; to continue would have meant that the essential ‘dose of

reality’ would have been missing from a number of calculations.

Although the failure is disappointing, it would not have been acceptable to make

baseless assumptions simply to fill in the holes. In particular, data on electricity and

materials consumption by user type (i.e. household or other), as well as figures for logging,

reforestation rates, and forest types were unavailable. The most challenging aspect of this

type of analysis is that without full data sets, any partial or intermediate results must

be tagged with an unavoidable asterisk explaining what is not included, and without an

understanding of how large of an effect these have, the results that are able to be generated

may have a limited value on the national scale as was being attempted by this research.

(Though for specific purposes, the limitations may be less important.)

Therefore it was concluded that the mathematical model for Samoa is not yet feasible

until more data is available, and would also be much easier if salient software was usable

(GoldSim shows some potential for this purpose, though does not yet appear to have

been explored). Even with the failure of this model, OOP in MATLAB remains a valid

option for dynamic modelling of UM and MFA, until high-level software is developed and

available to researchers.

The results of this study, in the absence of the failed dynamic software model, rely on

carrying capacity analysis to assess sustainability in any meaningful context. Whereas

the software model would have provided more detailed results, this would only have

been achieved by a high degree of estimation needed to define systemic relationships,

compromising the accuracy of any conclusions. The broader scenario analysis presented in

Chapter 6 reflects a more accurate but static view, with supply and demand deriving from

carrying capacity (as explored in Equations 4.5 and 4.6), albeit at a higher level and with

less granularity. Thus by focussing on carrying capacity, an acceptable level of accuracy

was retained in the numerical results even in the absence of data that would have enabled

error analysis.

4.5 Summary

UM and MFA on their own represent quantitative sustainability methodologies that are

widely acclaimed by their researchers, but limited in application. This research established
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an anthropogenic, infrastructure-focussed model on the principles of UM, allowing aspects

of theory, such as policy and the prediction of future trends, to be overlain with the

quantitative grounding and immediacy of the case study approach. Informal or small-scale

systems that are not infrastructure in the conventional sense but have a role in supporting

the human metabolism, such as household-level food processing or rainwater harvesting,

can also be represented by this method.

However, UM on its own was inadequate for a model of the type that the stated research

objectives required. A hybrid methodology drawing from both UM and MFA was developed

in order to adequately capture the possibilities for sustainable development. The principles

of MFA provided a method for tracking the life cycle of materials within the societal

metabolism. By identifying the inputs crossing the system boundary and tracking them

to the infrastructure system in which they are consumed, and then following the outputs

produced by that system which become the inputs to the next, the societal metabolism

was mapped by its resource flows and infrastructure systems. This hybridised methodology,

integrated with the concept of carrying capacity, will be useful as a decision-support tool

for planning authorities.

The case study SIDS of Samoa was chosen as a proof-of-concept for this methodology,

being representative of SIDS as a group. SIDS, in turn, can be seen as representative of

the sustainability issues facing many societies today and in the future. A software model

was pursued to dynamically capture the effects of potential planning scenarios, however

attempts failed due to lack of data.
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Chapter 5

Results & Discussion:

Characterisation of Samoa’s Societal

Metabolism

5.1 Overview

The 2009-averaged societal metabolism of Samoa was modelled using the developed

methodology described in Chapter 4, combining the anthropocentric approach of UM and

the life-cycle approach of MFA, where basic human needs (inputs) and wastes (outputs)

are the main drivers of the metabolism. Each sub-system distinguishes where physical

transformations occur (i.e. products refined, transformed, or diverted; waste created,

etc.) as determined by Samoa’s socio-technical infrastructure. The resulting model of the

internal and external vectors of Samoa’s societal metabolism is illustrated in the form of a

Sankey diagram, in Figure 5.1.

Only the total flows are shown here; due to the differences in magnitude from the

largest to the smallest flows, it is difficult to show the relative size of the smaller flows.

As a result, the diagram is dominated by water flows, as is typical for UM (Eckelman &

Chertow, 2009). To aid visualisation of smaller flows, a series of Sankey diagrams has been

created by removing the largest flow(s) from each diagram and scaling up the remaining

flows, from 106 to 10−1 (see Appendix C: Scaled Total Sankey Diagrams).
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Figure 5.1: Sankey diagram showing Samoa’s socio-economic metabolism and infrastructure systems (all flows).
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5.2 Inputs

5.2.1 Total Inputs

Samoa’s mass inflows total 54,210,000 t/year (rounded to the nearest thousand), of which

the vast majority of 51,301,000 t/year (∼95%) is water; it is common in UM and MFA

studies for water and wastewater flows to be orders of magnitude larger than the solid

material flows (Eckelman & Chertow, 2009). Energy inflows total 5,098,000 GJ/year

(including food energy, but not counting non-utilised renewable energy, such as solar

radiation not captured by solar panels). The water used for hydroelectric power generation

is diverted to water treatment for municipal supply, thus is counted in both the energy

supply and water supply categories.

Excluding the massive water flows, locally-sourced flows (including CO2) total 1,475,000

t/year, or 52% of the total of food, materials, and non-water energy inputs. Input quantities

crossing the external system boundaries (i.e. mass goods sourced by either local supply

or imported) are described in Table 5.1, differentiated by the source and infrastructure

system to which they pertain, and shown on an annual basis. Data were sourced from

Samoa Bureau of Statistics, n.d.; UN Food and Agriculture Organization, n.d.; Rasmussen

& McGoldrick, 2008b, 2008a; Ministry of Natural Resources and the Environment, 2010;

Graham & Duce, 1981; Albuisson, Lefvre, Wald, & Ranchin, 2006; Lokai, 2011, and were

rounded from reported values to the nearest thousand, except for values of less than 1,000.

It is also useful to describe these quantities on a per capita basis for comparison

with similar studies, for which the permanent plus transient (tourist) population must

be calculated. The study period fell between two censuses conducted in 2006 and 2011,

therefore at the midpoint of 2009 the population base was calculated as 184,100 by

averaging the 2006 and 2011 population figures. 129,238 tourists visited Samoa in 2009,

with an average length of stay of 14.6 days, adding an equivalent annual transient tourist

population of 5,174. Differences in consumption patterns between the local and tourist

populations are ignored as there are no data at present, although it is generally believed

that average per capita consumption by tourists from developed countries is greater than

that by the local population of a developing country (UNDESA, 1999).

Thus, assuming a population of 189,274, Samoa’s combined food and materials inputs of

2,795,000 are equivalent to 14.8 t/capita/year, and energy inputs are 20.8 GJ/capita/year

(excluding food energy); water inputs total 271 t/capita/year. Note that these figures

refer to total inputs, rather than consumption, which will be discussed in Section 5.2.2.
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Table 5.1: Overview of Samoa’s annual societal metabolism inputs.

Metabolic
Source Item Infrastructure System

Quantity Quantity
flow (t) (GJ)

Energy

Imported

Diesel & petrol Transport 38,000 1,659,000
Diesel & coal Electricity generation 23,000 1,005,000
Diesel Construction & quarrying 7,000 283,000
Diesel Fisheries 2,000 98,000
Fuel gas Household food processing 1,000 57,000

Local
Woodfuel Household food processing 42,000 680,000
Hydropower Electricity generation 13,120,000 160,000
Solar electricity Electricity generation 0 33

Total

Total energy inputs 13,234,000 3,943,000
(less exports) (0) (0)
Per capita 69.9 20.8
Proportion produced locally 99.5 % 21.3 %

Water

Imported Bottled water Water supply 1,000

Local

Surface water Water supply 26,880,000

Surface water (shared)
Water supply &

13,120,000
Electricity generation

Groundwater Water supply 11,300,000

Total

Total water inputs 51,301,000
(less exports) (320)
Per capita 271.0
Proportion produced locally 100.0 %

Food

Imported

Food products
Household food processing 32,000 156,000

(excl. animal & fish)
Animal products Household food processing 16,000 159,000
Fish & seafood Household food processing 6,000 20,000

Local

Produce Plant production 136,000 492,000
Produce Animal production 8,000 78,000
Fish & seafood Fisheries 12,000 41,000
Processed foods Industrial food processing 48,000 210,000

Total

Total food inputs 365,000 1,869,000
(less exports) (20,000) (91,000)
Per capita 1.26 5.62
Proportion produced locally 71.3 % 63.1 %

Materials

Imported
Misc. products Materials supply 6,000
Construction materials Construction & quarrying 1,280,000

Local

Plant uptake of CO2 Plant production 1,152,000

Materials
Plant production &

87,000
Animal production

Mineral extraction Construction & quarrying 12,000
Wind-borne phosphorus Plant production 7

Total

Total material inputs 2,537,000
(less exports) (1,000)
Per capita 13.4
Proportion produced locally 49.2 %

Total inputs into societal metabolism 54,210,000 5,098,000
Proportion of food, materials, and non-water energy inputs produced locally 51.8 % 33.2 %
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Figure 5.2: Samoa’s food (top) and water (bottom) inputs compared with those of other
locations, in tonnes per capita per year. Size of dot indicates population size. Note:
Shenzhen’s water data refers to residential consumption only.
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Figure 5.3: Samoa’s energy (top) and materials (bottom) inputs compared with those of
other locations, in tonnes per capita per year. Size of dot indicates population size. Note:
Material data for Vienna (1990s) and Hong Kong (1971 and 1997) are for construction
material only; values for Vienna (2001), Leipzig (2001), and Hamburg (2001) quantify
materials consumption rather than materials input.
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If water and energy mass flows were included in with food and materials, the total mass

input would increase to a total of 356 t/capita/year. These results are compared with

those of other UM and MFA studies in Figures 5.2 and 5.3. Data for these figures are

sourced and/or derived from Barles (2009); Browne, O’Regan, and Moles (2009); Chartered

Institute of Wastes Management (2002); Foolmaun, Chamilall, and Munhurrun (2011);

Kennedy et al. (2007); Newcombe, Kalma, and Aston (1978); Newman (1999); Ngo and

Pataki (2008); Niza, Rosado, and Ferrão (2009); Qiao, Zheng, and Zhu (2011); Sahely et

al. (2003); Schulz (2007); Warren-Rhodes and Koenig (2001); Zhang and Yang (2007).

5.2.2 Consumption

In contrast to inputs, consumption takes into account losses and inefficiencies in supply

systems, and excludes goods destined for export. Consumption was calculated using

Equation 4.3, as per MFA practices. These are shown in Table 5.2.

5.2.3 Food Systems Inputs

Food input (Figure 5.4) totalled 1,260 kg/capita/year, the second highest value in the range

after Paris. Food consumption was lower at 1,040 kg/capita/year, yet still high compared

to other values, the majority of this being vegetal matter. A comparison of per capita food

inputs to various locations is shown in Figure 5.2a. The nearest values to Samoa’s were

Toronto, Canada, at 938 and 946 kg/capita/year in 1987 and 1999 respectively (Sahely et

al., 2003).

Ideally, per-capita comparisons would be made with the locations to which Samoa

is most similar, whether geographically, culturally, or demographically. Limitations in

the availability of data prevent benchmarking to this degree; and yet, the variation

in consumption patterns between very disparate locations are useful in themselves in

highlighting the impact of these qualitative factors on differences in the consumption of

metabolic goods. Furthermore, like many countries in the developing world, Samoa’s

import trends reveal an increasing level of demand (see 4.8) which may eventually end up

at a similar level to developed countries’ levels of consumption; therefore the comparison

with very different locations is within the bounds of reason.
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Table 5.2: Comparison of inputs against consumption (annual values).

Metabolic flow Local Imported Exports1 TMI (Inputs Losses TMC Efficiency Per capita Per capita Unit
inputs inputs less exports) & waste (Consumption) of use input consumption

Materials (incl. CO2) 1,251,000 1,287,000 2,000 2,535,000 72,000 2,463,000 97.2 % 13.4 13.0 t
Materials (excl. CO2) 99,000 1,287,000 2,000 1,383,000 67,000 1,316,000 95.1 % 7.3 7.0 t
Food2 204,000 54,000 20,000 238,000 65,000 173,000 72.8 % 1.3 0.9 t
Water 51,300,000 1,000 320 51,301,000 16,000,000 35,301,000 68.8 % 271 187 t
Energy2 840,000 3,102,000 0 3,943,000 2,518,000 1,424,000 36.1 % 20.8 7.5 GJ

Notes:
1. Materials exports includes recyclable steel and plastics, recovered from the waste stream.
2. The consumption of energy mass and of food energy are excluded. In the case of energy mass, the input is either combusted (i.e. fossil fuels and
woodfuel) or lost to the system (i.e. water passing through a hydroelectric turbine) thus the concept of an efficiency of use does not apply. In the case of
the energy value of food, the entire amount is consumed and the efficiency of use depends on individuals’ physiological metabolisms, which were not
quantified here due to wide natural variation.
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Figure 5.4: Samoa’s food infrastructure sub-systems, showing inputs (TMI) and consump-
tion (TMC).

Considering that it is a basic human need, it is surprising how much disparity is present

in the food input data, though it is notable that all locations with more than one data point

(except Sydney) showed an increase in food input over time, indicating that development

results in continual growth in food demand or increased wastage, or possibly a combination

of both. The author of the Paris study noted that their result at 1,790 kg/capita/year (4.9

kg/capita/day) was more than a person can possibly eat, and that the value was therefore

likely an overestimate (Barles, 2009). In contrast, the author of the Sydney study, which

had the lowest result for food consumption at 220 kg/capita/year, reported that the result

was unrealistically low and was thus probably missing data (Newman, 1999). Differences

in study methodology, and in particular waste accounting, may explain the wide range of

per-capita values.

From a slightly different perspective, Samoa’s food input is 3.4 kg/capita/day, with

waste of around 27% leaving food consumption of 2.5 kg/capita/day, significantly higher

than the SIDS group average of 1.7 kg/capita/day (UN Food and Agriculture Organi-

zation, n.d.). However, on an energy basis, Samoa’s food input is equivalent to 3,680

kcal/capita/day (using averaged conversion factors of 9.9 GJ/t for animal products, 3.3

GJ/t for fish, and 4.9 GJ/t for vegetable products, each calculated from the mass figures

for each food type divided by the corresponding energy figures according to UN Food and

Agriculture Organization, n.d.).

Food energy consumption is 2,690 kcal/capita/day, whereas the SIDS group average is

very similar at 2,631 kcal/capita/day. This suggests that despite Samoans’ higher mass
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intake of food, the energy density of their food is lower than comparable locations, with

the result that they consume about the same amount of energy as the SIDS average overall.

It must be noted, however, that Samoa ranks 8th out of 190 countries in the World Health

Organization’s obesity index, with a 36% prevalence of obesity, defined as having a body

mass index (or BMI) of 30 kg/m2 or higher (World Health Organization, 2015b). One

possible reason for the relatively high food input for Samoa could be the higher food

consumption that is a cultural element of many Pacific Island societies, including Samoa’s.

According to the UN Food and Agriculture Organization (n.d.), Samoans ate 270 to 570

kcal/capita/day above their minimum dietary energy requirement from the early 1990s to

mid-2000s.

The other side of the coin of cultural obligation is that Samoa’s strong social systems,

including a cultural practice of sharing a surplus of food and belongings with extended

family and neighbours, helps supplement the lack of economic means, in one version of

resilience (which could also be described as a substitution of social capital for economic

capital).

The majority of plant-based imported food consists of cereals (32.3% of all imports)

and sugar or flavourings (19.0%), which constitute crops not widely cultivated in Samoa.

18.8% of imported food is meat and 11.1% is fish and seafood, reflecting shortfalls in local

supply. 71.3% of Samoa’s food input is produced locally, suggesting that Samoa is not

far off being self-supporting. Given the large areas of fallow or underutilised land (scrub

and weedy open forest are estimated at 593 km2 total, equivalent to 20.9% of Samoa’s

landmass (FAO Forestry Department, 2010)), it is conceivable that Samoa could meet all

of its food needs if agriculture were intensified and/or expanded. The Government aims

to double the amount of agriculturally active land from 10,000 to 20,000 hectares (UN

Food and Agriculture Organization, 2009), indicating that this is a realistic possibility.

The overall rate of food waste (27% or 340 kg/capita/year, including household and

industrial waste, and agricultural waste at the field and losses in distribution) is higher

than both that of other developing regions, and even developed regions. In Sub-Saharan

Africa and South and South-east Asia, overall food waste is 120 to 170 kg/capita/year.

For comparison, in Europe and North America where there is a much higher proportion of

consumer-level waste, the per capita food loss is 280 to 300 kg/year (Gustavsson, Cederberg,

Sonesson, van Otterdijk, & Meybeck, 2011). Food use efficiency may be difficult to increase

as there will always be some percentage of fresh produce which is unusable, particularly

with foodstuffs common in the tropics, such as coconuts which have large husks that are

often fed to pigs (thus returning to the food supply chain). Encouraging use of low-waste
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Figure 5.5: Samoa’s water infrastructure sub-systems, showing inputs (TMI) and con-
sumption (TMC).

packaged food products which have to be imported could decrease Samoa’s resilience and

sustainability by increasing dependence on external supplies, and increase solid waste

production. Considering that much of the food waste in Samoa arises from production,

transport and distribution, these might be logical areas to target for better efficiency.

5.2.4 Water Systems Inputs

Samoa’s water input (Figure 5.5) was 271 m3/capita/year, well above the mean of values

from other studies at 146 m3/capita/year, and consumption (at 187 m3/capita/year) sat at

the upper quartile of the literature range. Surface water accounted for the majority of total

water supply. The municipal water supply suffers losses of 40% through pipe networks,

meaning that supply has to be much higher than consumption rates; a comparison of per

capita water inputs to various locations is shown in Figure 5.2b. By comparison, Los

Angeles County’s total input was close to Samoa’s at 273 m3/capita/year in 1990 and 258

in 2000, reflecting a much higher municipal usage than other populations analysed (Ngo

& Pataki, 2008). The developing cities of Shenzhen and Cape Town, as well as the more

densely populated cities of greater London and Hong Kong, collectively had the lowest

water input rates.

LA County achieved a reduction in water demand over the ten-year study period,

though it remains one of the higher consumption rates among studied locations; Greater

Toronto also showed a slight reduction. Interestingly, the rate of the water demand increase

of Sydney matched the rate of demand increase of Hong Kong and Shenzhen, suggesting
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Figure 5.6: Samoa’s energy infrastructure sub-systems, showing inputs (TMI) and con-
sumption (TMC).

that level of development does not necessarily affect the rate of demand change; rather, it

seems to affect the absolute amount of consumption.

Samoa’s higher level of water input is most likely a result of high rainfall and a lack

of metering on residential properties, though the latter is now being remedied and water

charges have been implemented in recent years. Water losses (16,000,000 t/year) are high

due to the leakage in the municipal water supply, though the efficiency is slightly raised

by the more efficient village water schemes. Samoa’s water needs can be fully met by local

sources as would be expected for an isolated island nation, though bottled water imports

(used mainly by tourist resorts) were three times higher than exports (Samoa Bureau of

Statistics, n.d.). The significance of water inputs into the beer and beverage production

industries (15,000 t) should be noted, counted in the category of groundwater withdrawals

as a component of the water metabolism rather than as food.

5.2.5 Energy Systems Inputs

All energy used in each infrastructure sub-system (including Construction & Quarrying,

Fisheries, Industrial and Household Food Processing, and Materials Processing) is consid-

ered aggregated under energy supply (see Figure 5.6). By far the main source of energy is

fossil fuels (79% of all energy inputs), and in particular, diesel (56% of all energy inputs),

for transportation and electricity generation, which are useful for their energy density

rather than their efficiency, giving this subsystem the highest efficiency losses out of the

four main metabolic categories. Samoa’s energy input (excluding energy in food) was



5.2. INPUTS 99

20.8 GJ/capita/year, which was the second smallest value out of the areas studied (after

1970 Brussels); even lower than 1971 Hong Kong with 31.8 GJ/capita/year (Newcombe

et al., 1978). This agrees well with the officially reported value of 16.4 GJ/capita/year

in 2011 from petroleum products and electricity (Schandl, Collins, Heyenga, & West,

2011), the discrepancy of 27% likely reflecting the exclusion of woodfuel (which constitutes

approximately one quarter of Samoa’s total energy consumption) from the official figures.

Electricity demand was 360,000 GJ/year (after all types of losses). A comparison of per

capita energy inputs to various locations is shown in Figure 5.3a.

Samoa’s energy consumption is 7.5 GJ/capita/year. By comparison, energy use in

developed cities was much higher; in the case of Los Angeles County in 1990, almost 20 times

greater (Ngo & Pataki, 2008). LA County, which also comprises some agricultural land,

had a much higher energy input (including transportation energy) of 268 GJ/capita/year

in 1990 and 249 GJ/capita/year in 2000, though commercial and industrial energy use

constituted 44% of Los Angeles’s total energy use for both time periods, which may account

for this high value; Samoa’s industrial sector is very small by comparison. There are

significant differences between LA and Samoa, of course: the driving distances are much

greater in LA, traffic has a major effect on energy consumption, and larger disposable

income (GDP per capita; The World Bank, n.d.) means better uptake of technology and

associated higher energy usage; in Samoa, the smaller geographic area and social structure

that supports ride sharing allows for much lower energy consumption.

Samoa is able to supply about one third of its energy consumption requirements locally

because many Samoans still use wood for cooking (Ministry of Natural Resources and the

Environment, 2010), and because the high cost of electricity keeps many people off the

grid and minimises consumption by those who are grid supplied. After cooking, the main

use of energy is for transport, which accounts for around a third of total energy inputs. In

wetter years, hydropower can improve the ratio of locally-supplied energy by increasing its

share of electricity supply from 40% up to 60%, though no new hydro-dams are planned

and Samoa’s increasing demand for electricity will be met by more diesel generators. The

efficiency of diesel use for electricity generation is slowly improving as newer generators

replace older models. Many hotels have installed solar water heaters in recent years which

helps to reduce demand on the electrical grid. Tourism’s impact has not been quantified

separately due to lack of data, however in the Maldives, the resort islands are responsible

for nearly half of the country’s energy consumption (van Alphen, van Sark, & Hekkert,

2007).

At 36.1% overall, the average efficiency value for energy belies the wide range of
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efficiency from individual sources. Transport accounts for around one third of energy input

use (at an efficiency rate of 16%; Thomas, 2014). The electric grid is mainly supplied

by diesel generators which have an average rate of 34% efficiency (Atilua, 2011), that

is reduced by another 20% through grid transmission and distribution losses (Demafelis

& Angeles, 2009), resulting in an overall conversion efficiency of 28.8%, skewed slightly

upwards by hydropower with an 85% efficiency rate (Zhou, Li, Huang, & Zhou, 2013).

Cooking energy is assumed to be 100% efficient as it is all converted into heat, which

further raises the overall efficiency rate, though arguably it all becomes losses as heat

always dissipates.

5.2.6 Materials Systems Inputs

Material input (Figure 5.7) was measured at 13.4 t/capita/year, the same as Portugal

in 2000 (Niza et al., 2009) and similar to Singapore in 1985 and Limerick in 2002, both

with an input of 15 t/capita/year (Schulz, 2007; Browne et al., 2009). These are more

established and more developed built environments compared to Samoa; their rate of per

capita consumption relative to population growth gives a clue as to mass accumulation and

thus the rate of development. Limerick’s population grew at an average of 1.6% per annum

in the six years preceding the 2002 study; Singapore’s population grew at an average of

1.9% per annum in the 20 years prior to its 1985 study. Samoa’s population growth varies

due to high emigration but hovers around 0.6% per annum (The World Bank, n.d.), thus

its rate of material input is higher than could be expected for its population growth rate,

indicating a more rapidly developing socio-economic system than 2002 Limerick or 1985

Singapore. Samoa’s material consumption was 13.0 t/capita/year. A comparison of per

capita material inputs to various locations is shown in Figure 5.3b.

At 13.0 t/capita/year, Samoa’s material consumption is similar to that of Latin America

and the Caribbean at 13.2 t/capita/year; this rate is second only to the Western industrial

grouping and reflects a higher than expected level of material consumption by Samoa.

Materials supply has the highest efficiency of use, with or without CO2. This may be due

to the high amount of imported finished goods, such as electronics and home furnishings.

Even construction materials which usually have some portion of wastage such as tiles, wood,

or corrugated iron, are often re-purposed due to the expense and difficulty of importing

them, further reducing the amount going to landfill.
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Figure 5.7: Samoa’s materials infrastructure sub-systems, showing inputs (TMI) and consumption (TMC). Scaled diagrams
showing smaller flows (those of lower orders of magnitude, too small to show here), are included in Appendix D: Scaled Materials
Category Sankey Diagrams.
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The dominant flows in the materials category are construction materials, livestock’s

fodder/manure, and greenhouse gas emissions. Slightly less than half of Samoa’s material

inputs are supplied locally, although if CO2 uptake is excluded, this figure reduces to 6%.

CO2 may be thought of as a proxy for growth of forests and non-cropped vegetated areas,

which would not otherwise be measured, so this uptake (which exceeds emissions) reflects

stock accumulation within the societal metabolism.

Seeing as the main material input to vegetation is CO2 (since water uptake is a natural

process and thus excluded from the model), it is an important component of a societal

metabolism that includes agriculture and forestry activities, such as Samoa’s. It is also

important to consider for its role as a greenhouse gas. With this in mind, it cannot be

counted as a true material in comparison with other materials in the category, such as

electronics and construction materials; yet without it, Samoa would not be able to grow

food or wood, both important economic sectors on top of their importance for subsistence.

Over 99% of quantifiable imported materials were construction materials, some of

which is likely part of the rebuilding effort following the 2009 tsunami and could possibly

be inflating the underlying materials consumption figures, though the relative proportion

of rebuilding effort is not clear. Many people elected to relocate further inland away from

their original village, so their building patterns cannot easily be tracked. In addition,

families or communities were often unable to commence rebuilding immediately due to

lack of finance. As such, it is likely that the full rebuilding will continue for some years to

come, albeit at a reducing rate. Over the two consecutive year-long periods used for this

study (August 2008–July 2009 and September 2009–August 2010), exports of raw metals

reduced by more than half, and exports of wood products shrank by 98%, paralleling

a substantial decrease in wood imports (95%) over the same period, whilst the overall

ratio of the mass of imports to exports grew from 812:1 to 2,611:1. This implies that

although wood imports decreased, a higher percentage was being used locally rather than

re-exported, probably as part of rebuilding efforts following the tsunami.

The average consumption of material globally has increased from 5.0 to 10.3 t/capita/year

between 1950 and 2010 (Schaffartzik et al., 2014). This reflects an increase in standard

of living across the globe, but belies strong regional differences. As may be expected,

the poorest region, Sub-Saharan Africa, consumes the least material (4.5 t/capita/year),

equating to less than a third of the material consumption of the richest region, Western

industrialised nations (14.8 t/capita/year) (Schaffartzik et al., 2014). These differences do

not consider the value-added nature of materials, for example pharmaceutical products’
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medicinal use or high-tech products.

5.3 Outputs

5.3.1 Total Outputs

Total outputs are 2,131,000 t/year, or 11.3 t/capita/year, of which 1,404,000 t/year (66%)

is domestic wastewater, for which the water to solids ratio is unknown (as there are

no data available). Exports and solids content of runoff are very minor contributors to

the total outputs. Atmospheric emissions are the second largest output category; the

largest single contribution in this category is CO2 related to agriculture (this specifically

being deforestation arising from harvest of crops). In addition, water as a by-product of

combustion totalled 330,000 t; this was not added to the tabulated totals as it is lost to

the atmosphere and does not directly enter the anthroposphere.

Quantities crossing the external system boundaries are described in Table 5.3, differ-

entiated by the sink to which they pertain, and shown on an annual basis. Tabulated

data were sourced from Bossink and Brouwers (1996); UNEP (2000); Sinclair Knight

Merz (2000a); Rasmussen and McGoldrick (2008b, 2008a); Sagapolutele and Rasch (2008);

Samoa Bureau of Statistics (n.d.); UN Food and Agriculture Organization (n.d.); Ministry

of Natural Resources and the Environment (2010); Cable and Iakopo (2001); Schwalger

(2011), and were rounded from reported values to the nearest thousand, except for values

of less than 1,000.
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Table 5.3: Overview of Samoa’s annual societal metabolism outputs by sector.

Vector Output
Quantity, by source (t)

Total
Electricity Transport Industry1 Agriculture2

Organic Inorganic Waste-
waste waste water

Atmospheric
emissions

CO2 65,000 104,000 20,000 352,000 2,000 124 544,000
CH4 18 31 1 4,000 70 1,000 6,000
N2O 3 5 1 151 2 161
CO 3,000 7,000 2 10,000
NOX 183 712 895
NMVOC 327 1,400 103 2,000
SO2 139 123 31 293
HFC 2 2

Total 69,000 114,000 21,000 356,000 2,000 124 1,200 563,000

Solid waste

Landfill 36,000 18,000 4,000 20,000 10,000 86,000
Animal feed 18,000 18,000
Composted 4,000 4,000
Dumped (to bush/land) 6,000 5,000 11,000
Dumped (to lagoon/sea) 10,000 9,000 18,000
Burned3 2,000 1,000 3,000
Recycling4 877 877

Total 36,000 35,000 25,000 36,000 10,000 142,000

Runoff

Seepage to groundwater 1,224,000 1,224,000
Discharge to ocean 170,000 170,000
Suspended solids 10 8,000 59 586 9,000
BOD5 64 1,000 1,000
N 75 743 818
P 29 84 113
K 8 8
Oil (pesticides) 13 13

Total 74 8,000 59 1,396,000 1,404,000

Exports

Materials 1,000 3 1,000
Food products 7,000 13,000 20,000
Bottled water 320 320

Total 9,000 13,000 22,000

Total outputs (t) 69,000 114,000 66,000 412,000 27,000 36,000 1,407,000 2,131,000
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Table 5.3 notes:

1. ‘Industry’ aggregates Materials Processing, Construction & Quarrying, Industrial Food Processing,

and Fisheries.

2. ‘Agriculture’ aggregates Animal Production and Plant Production.

3. Atmospheric emissions in the Inorganic and Organic Waste sub-systems are a result of waste

burning, however the original waste burned is also included because oxygen added during combustion was

not calculable. Thus the totals for Inorganic and Organic Waste may be underestimated.

4. Recycled materials include scrap aluminium, steel, and plastics. Recovered recyclables are wholly

exported for processing.

5.3.2 Solid Waste Systems Outputs

Samoa’s solid waste output was 142,000 t/year, or 0.75 t/capita/year, towards the lower

end amongst the studies evaluated and similar to other developing regions like Cape Town,

which used 0.68 t/capita/year in 2000 (Kennedy et al., 2007), or Hong Kong in 1971,

at 0.76 t/capita/year (Newcombe et al., 1978). 21,000 t/year or 15% of all solid waste

produced was redirected within Samoa’s societal metabolism, reducing its environmental

impact. Per capita solid waste outputs from various locations are shown in Figure 5.8.

Solid waste outputs by source and type are illustrated in Figure 5.9.

The results shown here for Samoa’s solid waste production should be considered

minimum values. Rates of materials and food wastage from industrial processes were

estimated at 10%. Typically 25 to 40% of municipal waste arises from construction

(Bossink & Brouwers, 1996); in developing countries it is common for excess or slightly

‘off-spec’ materials to be re-purposed, thus the lower rate of 25% was assumed for Samoa.

Given that garden waste is traditionally burned, and waste collection imposes a fee on

households, it is likely that among the 58% of households that are served by waste disposal

trucks, there are some who burn or dump a portion of their waste (Ministry of Natural

Resources and the Environment, 2010). A notable characteristic of Samoa’s waste disposal

is the important role of pets and livestock in consuming food scraps. 43% of Mexico City’s

solid waste is food refuse (Decker et al., 2000); by comparison, Samoa outputs 70% of

organic household waste to animals and 15% to compost, closing the loop and enriching

the biomass cycle. Only half of New York City’s 20,000 tonnes/year of ‘consumed’ food is

eaten; the other half is wasted, often rotting before it can be sold (Decker et al., 2000). A

similar study of Tonga’s waste showed a solid waste production rate of 0.3 t/capita/year

sent to landfill (Sinclair Knight Merz, 2000b), but noted that the actual rate of waste
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Figure 5.8: Samoa’s solid waste output compared with that of other locations, in tonnes
per capita per year. Size of dot indicates population size.

production may be up to four times greater than that disposed in the landfill, due to

factors including households not using the provided collection system, a large proportion of

waste being kitchen waste (which is fed to pigs and dogs, a comparatively cheap practice

for protein production), and a large proportion of waste being either burned or buried in

backyards.

Though the food category’s efficiency of use was 72.8%, 85% of food waste was re-used

as animal feed or compost, indicating that closing the loop in Samoa via existing sustainable

waste disposal practices is both practical and realistic, and could possibly be fully realised

by Government support of composting. This could be used to dispose of the 35,000 t of

agricultural green waste produced annually, as well as divert the 4,000 t of food waste that

currently goes to landfill. A rough estimate of composting returns indicated that compost

could sell at WST $39/m3 (AUD $20/m3), although no information on cost was provided

(Sinclair Knight Merz, 2000a), and the cost of disposal at landfill was likewise unavailable;

however, costs aside, landfilling is inherently an unsustainable practice, whereas producing

compost could be advantageous in supplementing the agricultural industry’s anticipated

growth (see Section 6.3.1).
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Figure 5.9: Sankey diagram showing breakdown of Samoa’s solid waste streams by origin
and type of waste (excluding solids content of wastewater).
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5.3.3 Wastewater Systems Outputs

Wastewater output was 1,396,000 t/year or 7.4 m3/capita/year, much lower than the

water consumption and by far the lowest compared with the other UM locations for which

this figure was provided. This can be explained by several factors. The first is that in

the absence of a centralised wastewater system, quantification of wastewater was limited

to that being disposed of at the main landfill, so wastewater production estimates are

closer to outputs than would realistically be expected. Villages far from the city would

not generally transport their septic tank waste so far; thus the wastewater values are most

certainly an underestimate, though by how much cannot be calculated without more data.

Per capita wastewater outputs from various locations are shown in Figure 5.10.

Apia’s commercial wastewater is treated in a new plant at Mulinu’u, but the rest of the

country’s wastewater typically ends up in a septic tank or pit (in the absence of centralised

treatment), which can be emptied at Apia’s landfill as and when the householder elects

to. The landfill’s wastewater ponds allow some dewatering and aerobic digestion, but the

output for wastewater is measured at the point of entry to the septic tank; mass left in

the tanks is not measured. It is likely that the septic tank waste is somewhat dewatered

and anaerobically digested before delivery to the landfill.

Because of the lack of centralised wastewater treatment, there are practical limitations to

accurately measuring the wastewater production from all sources. Consequently, quantities

derived from septic tank emptying cannot be relied upon. Furthermore, comparisons

with other studies do not hold up due to the differences in wastewater infrastructure.

Pour-and-flush and pit toilets produce substantially less wastewater than flush toilets due

to their design, and septic tanks and pits are subject to in-situ degradation and dewatering.

Even though the total wastewater production must be higher than what can be measured,

the value will naturally be lower than locations with a fully centralised sewage system,

which requires a high percentage of water to transfer sewerage through the reticulation

system.

Because of the maintenance requirement to ensure proper functioning, which is often

lacking due to cost and aversion to the subject matter, septic tanks are not necessarily

the most practical sanitation solution for Samoa. Alternatives such as composting toilets

may be more appropriate, costing less to maintain and reducing the possibility of leakage

occurring and contaminating groundwater. However, this would require a substantial

investment in the technology; perhaps a cheaper and easier route to improved water quality

would be to improve rainwater catchment and thus avoid groundwater altogether (see
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Figure 5.10: Samoa’s wastewater output compared with that of other locations, in tonnes
per capita per year. Data from Kennedy et al. (2007); Newcombe et al. (1978); Newman
(1999); Ngo and Pataki (2008); Qiao et al. (2011); Sahely et al. (2003); Warren-Rhodes
and Koenig (2001).

Section 6.3.2).

5.3.4 Emissions Outputs

Emissions to the atmosphere totalled 563,000 tonnes in 2009, or 2.97 t/capita/year; solids

content of stormwater runoff discharged to the sea was 8,000 tonnes, or 0.04 t/capita/year.

Transport is typically responsible for around half of greenhouse gas emissions in UM

studies; this pattern holds for Samoa also. The rest of the country’s greenhouse gas

production mainly arises from agricultural and electricity-related emissions, with industry

only a minor contributor, whereas the rest of the greenhouse gases in other UM studies

generally arise from sizeable industrial and sometimes heating emissions. Samoa’s location

in the tropics, just 13 degrees south of the equator, means that heating is unnecessary

year-round, although air conditioning is becoming more common, especially in newer

commercial and government buildings, which is reflected in higher electricity use.
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5.4 Overall Mass Balance

Graphical comparisons of Samoa’s mass balance are shown in terms of total inputs,

consumption, waste production, and outputs, each described by metabolic category; shown

in two versions: including water (see Figure 5.11a) and, for easier visual comparison,

excluding water (see Figure 5.11b).

In terms of mass accumulation, Samoa’s mass inputs greatly outnumber its outputs,

revealing sizeable losses through the system. Though water appears to be the main culprit,

it is obvious that materials inputs are not matched by solid waste production figures. A

wide discrepancy between water input and wastewater output was also found by Ngo and

Pataki (2008) in Los Angeles County, which the authors explained as being due to a large

proportion of the water input being used for agricultural and urban irrigation, for which the

possible output vectors are runoff, evapotranspiration (for which they used the maximum

or potential value), and groundwater recharge. The authors argue that the relationship

between evapotranspiration and groundwater recharge is critical for sustainability, because

outputs as groundwater recharge are recoverable for the water supply whereas outputs as

evapotranspiration are not.

In Samoa’s case, groundwater recharge vastly exceeds water use in the anthroposphere

due to the high rainfall and porous volcanic soils. Without analysing the water proportion

of every input and output, an exact virtual water balance cannot be estimated, however it

may be reasonably assumed that there is minimal recoverable water in the waste streams,

therefore water must be non-accumulating in the anthropogenic system; so assuming

groundwater quality is maintained (which is not necessarily true due to widespread septic

tank leaking), Samoa’s water can be considered completely recyclable. Taken with the

premise that energy flows are fully consumed in providing energy (combusted in the case

of fossil fuels and woodfuel, and head reduced as water passes through the turbine in

the case of hydroelectric generation), this means that the only metabolic flows that can

accumulate are food and materials.

Therefore, inputs excluding water flows amount to 2,909,000 t/year; output flows

(excluding wastewater) total 337,000 t/year, and this results in an overall accumulation

of mass at a rate of 2,459,000 t/year or 13.0 t/capita/year, equivalent to 88% of mass

inputs. Samoa’s mass accumulation comments on its status as a rapidly developing country,

with many new building projects and an increasingly western lifestyle; the accumulation

rate for materials alone (excluding CO2 uptake in reforestation) is 95%/year. Solid

waste production was at the lower end of the literature range; in combination with an
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above-average materials supply, this indicates that materials have a longer residence time

(or useful lifespan) in Samoa, possibly due to local cultural differences in consumption

patterns. Imported goods totalled 1,414,000 t/year, against exports of 25,000 t/year,

giving a physical balance of trade of 1,388,000 t/year.

5.5 Infrastructure Systems Interdependency

Figures 5.12 and 5.13 show the interdependency of each infrastructure subsystem on

each other subsystem by mass and by energy, respectively. This can be thought of as a

linear visualisation of the outputs from each subsystem (from the left, i.e. the rows) as a

percentage of the inputs to each subsystem (going upwards, i.e. to the columns). So, the

level of interdependency between, for example, Industrial Food Processing and Exports

is 14%; that is to say that 14% of all exports are made up of industrially-processed food

products.

For these tables, the energy value of food items is not shown so as not to be confounded

with the energy consumed in each subsystem. The oxygen consumed by burning fossil fuels

is included in the mass matrix, as an input from Natural Resources, and the greenhouse

gases produced are included as an output under Emissions.

From these matrices, the complete (100% by energy) dependence of transportation

systems and almost complete (97% by mass) dependence of construction and quarrying

systems on imports is visible, and plant production provides the majority of exports by

mass (at 53%). Whilst electricity generation is overwhelmingly supplied locally (99.8% from

natural resources) by mass due to the very large water intake to hydropower generation

(and oxygen required by diesel generators), the much higher energy density of fossil fuels

shows that imports dominate electricity generation by energy (86.2%). Interestingly, most

systems are dependent on two or fewer inputs. Only exports, household food processing,

and organic solid waste are fed by more than two other infrastructure systems (by mass).

Diesel’s dominance of the energy matrix is revealed in the lack of input source diversity

amongst the energy-consuming systems, as is the massive contribution of woodfuel to

cooking (household food processing). Systems with only one or two inflows, such as water,

may be less resilient to external changes and more likely to need infrastructure support.

Others, such as plant production systems, have many inflows which need to be managed

holistically to increase the system’s resilience, for example by looking at which mass inflows

could potentially be substituted for one another, should supply of one input dry up.
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Samoa’s plant production systems are notable for contributing more than 50% of

inputs to five other subsystems; no other infrastructure subsystem contributes more than

50% of the inputs to more than one other subsystem. This underlines the critical role of

agriculture in Samoa’s societal metabolism, and suggests that investment in improving

the resilience and productivity of plant production systems may also pay off for multiple

other infrastructure subsystems due to this higher level of interconnectedness.
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Infrastructure 

system
Export

Emissions 

(air/land/ 

water)

Electricity 

generation
Transport Water supply

Food 

processing 

(household)

Food 

processing 

(industrial)

Plant 

production

Animal 

production
Fisheries

Material 

processing

Construction 

& quarrying

Water 

consumption

Food 

consumption

Materials 

consumption

Inorganic 

solid waste

Organic 

solid waste

Wastewater 

management

Total outputs 

(t)

Import 4.37% 0.00% 0.18% 10.71% 0.00% 18.31% 0.00% 0.00% 0.02% 9.72% 6.58% 97.13% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1,414,583      

Natural resources 0.00% 63.42% 99.82% 89.29% 74.42% 14.93% 0.03% 48.48% 46.09% 90.28% 0.00% 2.87% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 86,289,161    

Electricity 

generation
0.00% 0.17% 0.00% 0.00% 25.57% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 13,205,649    

Transport 0.00% 0.66% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 340,335          

Water supply 1.35% 31.12% 0.00% 0.00% 0.00% 0.00% 23.80% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 51,301,010    

Food processing 

(household)
0.00% 0.13% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00% 0.00% 0.00% 34.20% 0.00% 264,820          

Food processing 

(industrial)
14.02% 0.00% 0.00% 0.00% 0.00% 18.17% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 6.56% 0.00% 63,017            

Plant production 53.28% 0.70% 0.00% 0.00% 0.00% 43.21% 76.17% 0.00% 52.77% 0.00% 93.19% 0.00% 0.00% 0.00% 0.00% 0.00% 47.59% 0.00% 1,512,868      

Animal production 0.04% 0.76% 0.00% 0.00% 0.00% 2.60% 0.00% 51.12% 0.00% 0.00% 0.23% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1,610,969      

Fisheries 16.99% 0.02% 0.00% 0.00% 0.00% 2.77% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 24,355            

Material 

processing
6.27% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 5.92% 0.00% 11.66% 0.00% 95,863            

Construction & 

quarrying
0.00% 0.07% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 94.08% 38.25% 0.00% 0.00% 1,327,350      

Water 

consumption
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 100.00% 1,407,088      

Food consumption 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                      

Materials 

consumption
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 61.75% 0.00% 0.00% 36,339            

Inorganic solid 

waste
3.69% 0.11% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 58,972            

Organic solid 

waste
0.00% 0.09% 0.00% 0.00% 0.00% 0.00% 0.00% 0.40% 1.11% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 75,615            

Wastewater 

management
0.00% 2.74% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1,407,088      

Total inputs (t)          23,777   51,421,525  13,206,614 358,889      51,301,010    301,601      63,017        2,375,536  1,595,490  23,415        91,232        1,324,877    35,285,690  173,299        1,349,950     58,847        73,224        1,407,088     160,435,082  

Figure 5.12: Infrastructure interdependency matrix (mass, t). Each entry indicates the input source from the system row to the
system column: (X,Y) = flow from system X to system Y, as a percentage of total inputs into system Y. Energy Consumption is
excluded as it has zero values for mass, for ease of display.
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Infrastructure 

system
Export

Emissions 

(air/land/ 

water)

Electricity 

generation
Transport Water supply

Food 

processing 

(household)

Food 

processing 

(industrial)

Plant production
Animal 

production
Fisheries

Material 

processing

Construction 

& quarrying

Energy 

consumption

Water 

consumption

Food 

consumption

Materials 

consumption
Total outputs (GJ)

Import 100.00% 0.00% 86.23% 100.00% 0.00% 7.73% 0.00% 0.00% 0.00% 100.00% 0.00% 100.00% 0.00% 0.00% 0.00% 0.00% 3,091,919             

Natural resources 0.00% 0.00% 13.77% 0.00% 0.00% 0.00% 0.00% 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 19,478,176,651   

Electricity 

generation
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 19.64% 0.00% 0.00% 0.00% 428,586                

Transport 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 38.02% 0.00% 0.00% 0.00% 829,513                

Water supply 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                             

Food processing 

(household)
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 33.80% 0.00% 0.00% 0.00% 737,384                

Food processing 

(industrial)
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                             

Plant production 0.00% 0.00% 0.00% 0.00% 0.00% 92.27% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 71.03% 0.00% 1,287,565             

Animal production 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 25.69% 0.00% 219,586                

Fisheries 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 2.25% 0.00% 3.29% 0.00% 77,281                   

Material 

processing
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                             

Construction & 

quarrying
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 6.28% 0.00% 0.00% 0.00% 136,992                

Energy 

consumption
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                             

Water 

consumption
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                             

Food consumption 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                             

Materials 

consumption
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0                             

Total inputs (GJ) 40                   0                     1,163,697     1,659,027     0                     737,384        0                     19,478,016,460   0                     98,379           0                     273,983        2,181,665     0                     854,842        0                     1,763,926             

Figure 5.13: Infrastructure interdependency matrix (energy, GJ). Each entry indicates the input source from the system row to
the system column: (X,Y) = flow from system X to system Y, as a percentage of total inputs into system Y. The three waste
systems (Wastewater, Inorganic Solid Waste, and Organic Solid Waste) were excluded from this matrix as they all have zero
values for energy, for ease of display.
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5.6 Summary

Samoa’s per-capita inputs of food and water were at the upper end of their ranges compared

to other locations reviewed in the literature; per-capita energy and materials input, and

solid waste and wastewater outputs, were at the lower end of their respective ranges. As is

common with UM studies, water flows were by far the biggest mass flows, and as may be

expected, was the only (almost) fully locally-supplied category. Overall, Samoa supplies

approximately half of its non-water flows locally.

Energy had the lowest efficiency of use (comparing input amounts to consumption),

at 53.7%, due to the nation’s high dependence on diesel for transport purposes and for

the majority of electricity generation. Materials (with or without CO2) had the highest

efficiency of use, despite the vast majority of material flows being related to construction

and quarrying. Though the food category’s efficiency of use was third highest, at 72.8%, a

large proportion of this food waste was re-used as animal feed and compost, indicating

that closing the loop in Samoa via introducing institutional support of sustainable waste

disposal practices is both practical and realistic. Although water is used fairly inefficiently,

at 68.8%, Samoa gets such high rainfall and has such vast groundwater lens reserves (albeit

with concerns over contamination by leaking septic tanks) that water inefficiency is not

currently a huge problem, nor is likely to be in the near future.

Interdependency analysis revealed that many infrastructure subsystems are dependent

on only one or two other subsystems, meaning that their inbuilt resilience is low. Plant

production systems are by far the most interconnected of all subsystems, supplying more

than 50% of the input to five other subsystems.



Chapter 6

Analysis: Sustainability Assessment

& Carrying Capacity

6.1 Samoa’s 2009 Sustainability Assessment

6.1.1 Food Systems Sustainability

Samoa’s domestic food supply is substantial, though it is not fully self-sufficient; despite the

trend towards increasing consumption of imported processed foods, 71% of food (by energy)

is produced locally. This compares very favourably in terms of sustainability compared

with other SIDS, such as Oahu, Hawai’i, which imports over 90% of its food (Eckelman &

Chertow, 2009), but Samoa’s food systems are not sustainable as 20% by weight (29%

by energy) still comes from overseas. With 77% of all households being described as

‘agriculturally active’ (96% of Savai’ian households) (Samoa Bureau of Statistics & UNDP,

2010), the contribution of subsistence agriculture to Samoa’s food supply systems means

there is a moderately strong level of resilience in this aspect of infrastructure, though there

is room for improvement; even those living in urban areas often have extended family with

land and a plantation, with whom they swap part-time labour for fresh produce.

At important celebrations such as weddings, funerals, or the accession of a new village

chief, it is customary to gift food, which in the past was fresh and thus consumed

immediately. Over time it has become common for those who can afford it to gift tinned

food instead of fresh, so that it can be eaten as needed (Lam, Dumaine-Laulusa, &

Keresoma, 2011). This culturally-driven trend has increased Samoa’s dependence on

imported food, though it has not yet fully undermined the high reliance on local produce.

117
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6.1.2 Water Systems Sustainability

Samoa is completely self-sufficient (and therefore sustainable) in water. Just over one fifth

of water supply arises from groundwater, with the remainder sourced from surface water,

some of which is used for hydropower generation before being redirected to the centralised

water supply system The tiny amount of imported bottled water is supplied for tourist use

and comprises an extremely minor component of the water supply system, but could easily

be replaced by locally-produced bottled water if preferred, market forces notwithstanding.

The amount of annual groundwater recharge is almost 5,000 Mt, calculated using

Equation 6.1:

G = R− P − S − E (6.1)

4, 851 Mt = 8, 427 Mt − 3, 507 Mt − (33 Mt + 16 Mt − 27 Mt − 13 Mt) − 11 Mt

Where G is groundwater recharge, R is rainfall, P is plant uptake (assuming 42%

of total rainfall, after the study by Izuka et al. (2005) on nearby American Samoa and

applying the same potential evapotranspiration to Samoa’s higher precipitation of 2,965

mm/year), S is surface water (runoff plus pipe losses less water used for water supply

and hydropower generation), and E is groundwater extraction. The amount of infiltrated

surface water reaching the freshwater lens is two orders of magnitude higher than total

water demand of 51 Mt/year, so even if rainfall were to reduce by a reasonable amount,

there would still be plentiful supply (this is further explored in Section 6.3.2). Thus, in

regards to quantity, Samoa is fortunate compared to its neighbours.

Regarding quality, however, Samoa’s freshwater lens is as precarious as that of other

SIDS, as described by Cashman, Nurse, and John (2010); groundwater tends to be accessed

by villages near the coast, where some villages have reported it becoming saline, a possible

consequence of sea level rise (Mimura et al., 2007), and environmental pollution such

as unlined landfills, pesticide and fertiliser use (used by 59% and 22% of farm holdings,

respectively; Gangaiya & Wele, 1994), and poor standard septic tanks and pit latrines can

make groundwater unsafe to drink (D’Este, Bartlett, Punivalu, & Sam, 2011). The same

highly porous volcanic soils that allow a high rate of infiltration to replenish groundwater

stores also transmit pollution more easily, contaminating the reservoir more widely and

more rapidly than they would in less porous soils. Therefore, sanitation methods should

be given consideration if Samoans expect to be reliant on groundwater in the future;

alternatively, the issue could be avoided if more catchment were installed for surface water,
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for example household-level rainwater catchment (see Section 6.3.2).

6.1.3 Energy Systems Sustainability

Samoa is almost half self-sufficient in energy consumption (though just 21.3% of energy

input is supplied locally, the large difference being due to the low efficiency of fossil fuels,

which dominate this sector), mainly due to the large amounts of woodfuel used by most

households for cooking. Woodfuel as an energy supply is becoming less important as

more households connect to the electricity grid, however the uptake is slow because of the

currently high price of electricity; this correlation is expressed in Figure 4.12.

Similarly, in much of Asia, use of biomass as a source of energy is growing, albeit slower

than the overall growth in energy demand, making the relative proportion of biomass

energy of reducing importance between 1980 and 1998 (Bhattacharya, 2002). Hydropower

is only available at present on ’Upolu, the smaller island on which the capital city is

situated (and the majority of the population); potential sites for hydropower have been

identified on the larger but less populous island of Savai’i, but development has stalled

over several years because of disputes over land ownership.

6.1.4 Materials Systems Sustainability

Materials is the least self-sufficient aspect of Samoa’s 2009 societal metabolism. Samoa

produces only 7.1% of the materials it uses (49.3% if the natural process of CO2 uptake by

vegetation is included); even with a complete reduction in exports, local supply could still

only fulfil 8% of material consumption. This is probably due to the lack of manufacturing

on the island and high uptake of ‘Western’ goods, especially non-traditional construction

materials (concrete, iron roofing, etc.), household furnishings, and electronics.

6.2 Samoa’s 2009 Carrying Capacity

As described in Section 1.3.3, carrying capacity (expressed as a population figure) is

equivalent to the number of people who can be supported by purely local supply of goods,

at current levels of consumption. As described in Table 5.1, Samoa’s relative proportions

of locally-supplied versus imported mass goods for the four main societal metabolism

categories are shown graphically in Figure 6.1, ordered from highest to lowest percentage

of local supply out of total supply. Food supply has been shown in terms of both mass (t)
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Figure 6.1: Proportion of imported and locally-produced inputs by metabolic category.

and energy (GJ). Materials supply has here been divided into two: inclusive of CO2 and

exclusive of CO2; the latter excludes the non-utilised reforestation (including growth of

vegetation in scrubland as well as production and protected forest).

As shown in Equation 6.2, carrying capacity is determined by the category in which a

societal metabolism has the lowest self-sufficiency; as shown in Figure 6.1, for Samoa, the

category with the lowest level of local supply is non-CO2 materials at 7.1% (i.e. materials

supply excluding CO2 uptake by vegetation exceeding that emitted through deforestation

and crop harvesting, as shown in Figure 6.1).

C = Category with lowest level of local supply in % × P (6.2)

Equation 6.3 calculates the carrying capacity population to which this would correspond,

where C is carrying capacity and P is total equivalent population (including annually-

converted tourist-years, as described in Section 5.2.1) of 189,274:

CSamoa = 7.1% × 189,274 = 13,514 people (6.3)

Of course, carrying capacity is something of an over-simplification, as it ignores qualitative

differences within the metabolic categories such as the nutritional variation between, for

example, coconuts (high in potassium) and eggs (a good source of protein). However, as a

crude approximation of resource supply, it is useful in showing the total population that

could be supplied self-sufficiently (i.e. sustainably), ignoring major changes in technology

and economics.

To get a spatial sense (in the tradition of ecological footprint, as discussed in Section

3.5.1), 13,514 people translates to a population density of 4.8 people per km2, or 0.2 km2

per person. This is Samoa’s local supply rate of non-CO2 materials at 2009 consumption
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levels. Future carrying capacity is discussed further in Sections 6.4 and 6.5.2.

6.3 Samoa’s Future Sustainability Assessment

6.3.1 Future Food Systems Sustainability

Context

The Samoan Government began a campaign in 2010 encouraging Samoans to ‘go back

to the land’, with the intention of encouraging agricultural production for both export

and local consumption (as listed below). This is mainly aimed to be achieved by minor

intensification of existing agricultural land and cropping disused land, targeting cash crops

and employing more agricultural workers, as well as identifying new local food sources

(crops that grow well in other countries with tropical climates), and sustainable crops

(Ministry of Agriculture and Fisheries, 2011). Although the intensification is intended more

to increase export earnings rather than develop self-sufficiency, the increased resilience as

a result of improved economic performance may mean that the effect is the same. The

targets reflect the Government’s estimated potential productivity of the land and fisheries.

The Ministry of Agriculture and Forestry is making some effort to educate farmers

in intensification of crops to support these goals, and is starting to provide support for

commercialisation of agriculture, opening up potential to develop the sector. The Samoan

Government has stated the following targets, as described by the UN Food and Agriculture

Organization (2009) and Ministry of Agriculture and Fisheries (2011):

• Increase commercial production output by 50%;

• Increase the number of commercial farmers and land utilisation by 100% (i.e. increase

land used for mixed cropping from 10,000 hectares to 20,000 hectares);

• Substitute imported food for local fresh produce, aiming for 85% of current imports

of fruit and vegetables being produced locally (excluding produce that cannot grow

in Samoa);

• Increase processing activities so that 15% (by value) of all processed foods consumed

are produced locally;

• Reduce by 25% imports of fresh fruit and vegetable (by value); and



122
CHAPTER 6 ANALYSIS: SUSTAINABILITY ASSESSMENT & CARRYING

CAPACITY

• Improve agricultural export performance by 25% by value (SAT$50 million), in each

of crops and fisheries.

Effects on Societal Metabolism

It is difficult to calculate the mass that these production targets would correspond to,

as the changes are mainly tied to value rather than production amounts, and many of

Samoa’s most valuable exports are produced in very small quantities but attract premium

prices, for example noni juice/fruit and Samoan cocoa. As a rough estimate, if the mix

of imports and exports were to stay the same as 2009, the targets would correspond to

increases of 4,000 t and 1,000 t per year in crops and fishery exports, respectively, and a

decrease in imports of 13,500 t; this compares to total production of 136,000 t and 12,000

t per year in crops and fishery production, respectively, in 2009.

In total, this would require additional agricultural production of 18,500 t to meet the

targets, equivalent to food energy of 120,000 GJ, which corresponds to a 13% increase in

crop productivity and a 8% increase in fisheries. Of course, one could suggest to simply

prohibit or reduce exports to increase local supply (i.e. ‘export elimination’, discussed

further in Section 6.3.8); however, exported food tends to be food produced in excess

supply compared to local demand, so reducing exports is not necessarily going to make food

supply automatically sustainable (unless the relative proportions of food types required

locally change).

These effects are shown graphically in Figure 6.2, which shows that potential food

production could reach parity with low population growth (at 2009 consumption levels) in

2025, but would need boosting thereafter to keep up with population growth. Potential

production under the planned strategies would match medium growth to 2025 but slips

from there onwards. However, as eating a higher proportion of locally produced (and

generally less processed, fresher, and more vegetable-focussed) food may help to address

Samoa’s obesity issue, it could be worth reassessing the societal metabolism of Samoa in

10 years’ time against public health figures to determine whether these measures made a

difference, and therefore whether further local production policies would be beneficial.

Notably, the labour and technology requirements of these intensified agricultural

activities have not been discussed. The unemployment rate was 5.7% in 2011 (Samoa

Bureau of Statistics, 2011a) which could conceivably provide the labour (though training

may be required for specialised jobs), but it is unclear where the financial investment

for the technological side (such as farm machinery, crop development, and agricultural
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Figure 6.2: Implementation of Samoa’s planned food production potential against popula-
tion growth scenarios, assuming planned policies are implemented evenly over the period
2009-2025.

chemicals) may be sourced from. There is also no mention of the increased need for

fertilisers and pesticides (neither of which are produced locally), which are currently used

sparingly, or the effects of these on surface water quality or possible contamination of

groundwater.

Furthermore, there is no consideration of the state of fishery stocks, which are likely

declining in Samoa as they are throughout the Pacific region (maribus, 2013). There are

issues of biodiversity here (as the main fished species in Samoa are various types of tuna,

most notably Skipjack Katsuwonus pelamis, an apex species) which should be balanced

against the desire for increased export earnings. Seeing as fisheries provide 8,000 t (28,000

GJ) of food to Samoans per year, and an additional 4,000 t/year are exported, the collapse

of any of Samoa’s fisheries would clearly be detrimental to future export revenue, so

sustainable management of these species should be part of any discussion over increasing

fishery earnings. There is also no mention of the possibility of developing aquaculture,

though with its lagoons Samoa is ideally placed to house such an industry. Again, this

would need to be managed sustainably so that there was minimal adverse effect on the

native fish species via fish farm pollution.

Conversion of fallow land to agriculture (a possible additional 2,800 hectares) would
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allow further gains in local crop production, and could reduce household food costs, insure

against possible losses from cyclones, and permit experimentation to diversify the produce

available by cultivating crops not grown locally, without displacing existing food supply.

However, this loss of fallow land to productive cropland would mean that there is less

vegetation taking in CO2 (as crop production has a higher emissions component relative

to uptake compared to scrub left fallow), and thus have implications for the country’s CO2

balance. In addition, only 2,800 of the 10,000 hectares required for doubling productive

land is currently fallow, meaning the remaining 7,200 hectares would have to be converted

from some other kind of land use; what kind or how this will be determined is not specified.

It is most likely that this would have to be created through deforestation, which in turn

could cause an increase in soil erosion, potentially reduce habitat for native species and

thus impact biodiversity, and reduce the forest reserves that, properly managed, could be

a sustainable source of wood.

This is similar to one aspect of the aftermath of the 2009 tsunami: many people

relocated from the south-east coast of ‘Upolu to the hills a few kilometres inland. This

left productive gardens fallow and meant that entire new villages were constructed on

previously forested land. Whilst this land, being higher up, is less vulnerable to sea level

rise, tsunamis, and possibly cyclones (through less risk of flooding and storm surges), it is

further from the subsistence fishery resource on which a majority of Samoans rely (Samoa

Bureau of Statistics & UNDP, 2010), and the new inhabitants had to cut down trees to

establish new kitchen gardens. As sea level rises under climate change, this kind of trend

may become more pronounced as coastal land is eroded and salinated by king tides and

storm surges, and as coastal springs become further subject to saltwater intrusion.

The taro blight infestation, which affected (at the time) Samoa’s most important

consumption crop and biggest export earner, can be seen as an indicator of the resilience

of Samoa’s agricultural systems. Samoan taro has not yet recovered from the fungus which

arrived in 1993, collapsing Samoa’s largest export commodity; growers now cultivate Fijian

taro which has not been as marketable as native Samoan taro, and agricultural exports

never fully recovered, indicating a very low resilience at the time. This infestation forced a

great diversification in Samoa’s export products and markets, and to a lesser extent in its

food supply, which subsequently reduced the risk associated with relying predominantly

on one crop but at great cost. In the future, sea level rise as a result of climate change is

likely to impact the amount of arable land, as much of this is clustered around the coast,

but this is of course going to affect all coastal land, not just one crop. Investigation into

saline-resistant crops for cultivation in these coastal areas may prove a practical method

of retaining arable land in light of sea level rise.
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Implementation

Some subsistence growers are branching out to commercial agriculture, exporting to

Asian markets who are now economically reachable via global shipping. This improves

Samoa’s economic performance, but not necessarily its resilience, depending on the kinds

of crops grown (i.e. how much can be earned from them, how well they can withstand

tropical cyclones, and whether they adversely affect the local environment, for example by

increasing soil erosion) and whether this displaces alternative income streams. Increased

earnings could improve resilience so long as the process of attaining those earnings does

not weaken the resilience of the system in another way, for example switching from a

multitude of subsistence crops to a potentially higher-earning but riskier monoculture (as

occurred with taro).

The Samoan Government sees increasing exports to the nearest developed-country

markets, including New Zealand and Australia, as crucial for Samoa’s long-term economic

survival. In particular, Samoan cocoa, bottled water, noni juice, Tahitian lime, and organic

produce have been singled out as high-value export products to target towards overseas

markets. This suggests willingness at a political level to prioritise resilience in Samoa’s

food production systems, if only for economic means. These products would be a better

strategy from the perspective of having a lack of availability of agricultural workers, as the

high earnings potential offsets the low volumes that in turn require less labour to produce,

and also addresses the need for expertise, as these are crops that are already grown in

Samoa, so local knowledge is applicable and the conditions are known to be suitable.

In addition, the low production volumes would require less fertiliser than high-volume

crops, reducing the size of the initial investment to begin cultivation and the impact of

fertiliser runoff pollution. Crops that do particularly well in Samoa, such as noni and cocoa,

are opportunities for Samoa to lead the market, with few competitors of a comparative

standard; this may require promotion of these products to grow market demand.

Demand reduction in the food category was not quantified here, as it is such an

intrinsic component of Samoan culture that it is unlikely to change without major shifts

in perception, however there is no reason this could not be experimented with in future

through policies or campaigns by the Ministry of Health. As noted in Section 5.2.3, Samoa

ranks very highly on the global obesity scale; confirmed by this research as quite possibly

being at least partially the result of a very high food energy intake relative to other

locations, this will likely have a number of downstream effects for Samoa. Consequences of

obesity include increased risk of cardiovascular disease, diabetes, musculo-skeletal disorders,

and certain cancers (World Health Organization, 2015a), all of which have implications
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for life expectancy. If Samoa’s average lifespan declines due to these health issues, it is

very likely to impact the workforce, in terms of both reduced productivity and a heavier

tax burden to support more demands on the public health system. Through these effects,

ill health will also make it harder for Samoa, as a developing country still very dependent

on overseas remittances, to lift itself out of poverty.

6.3.2 Future Water Systems Sustainability

Context

Water is the most self-sufficient category of Samoa’s societal metabolism, with essentially

100% supplied locally. There are no official plans to look at water quality or quantity on a

nationwide scale, though the Samoa Water Authority (SWA) is slowly trying to improve

the quality of the centralised supply, and reliability of the network is a priority (D’Este et

al., 2011).

In regards to quantity, Samoa is blessed with very high rainfall and natural geography

that supports catchment of this rainfall, either in surface water reservoirs or in the

freshwater lens below the islands, which bubbles up in plentiful springs around which

many villages are sited. However, these groundwater stores are becoming a health issue

due to contamination by unsealed pit latrines or leaking septic tanks, as well as by surface

pollutants infiltrating the soil (e.g. nitrates). The latter is currently relatively minor

but intensification of agriculture could lead to more fertiliser use and therefore more

contamination. Cases of typhoid and diarrhoea (gastroenteritis) show an increasing trend

(European Commission, 2006).

Whereas groundwater quality can be very difficult to protect, ensuring the quality of

rainwater is much simpler: a first-flush mechanism on downpipes is a cost-effective method

that greatly reduces the risk of waterborne disease, which is not available to groundwater

sources. Rainwater tanks must be kept clean and maintained, but given the improvements

of water quality compared to faecally-contaminated groundwater, the long-term health

benefits are clear.

Future Societal Metabolism

There is enough fresh water in Samoa to fulfil 2009-level demand from all sectors, and

probably demand well into the future, but whether that is useful to the population

depends on three things: Firstly, whether groundwater can be protected from chemical



6.3. SAMOA’S FUTURE SUSTAINABILITY ASSESSMENT 127

and biological pollutants; secondly, how successfully the SWA (responsible for central

water supply mainly to Apia and north-west ‘Upolu) can pipe losses, and to a lesser extent,

demand; and thirdly, how readily rainwater catchment and storage could be increased. The

SWA is the main source of water to only 7.2% of households, but 37% of households’ main

buildings have corrugated iron roofing with guttering, indicating that up to four times as

many households get some amount of water from rain. A further 50% of households’ main

buildings have corrugated iron roofing but no guttering; attaching guttering would allow

these buildings to contribute to their inhabitants’ water supply.

Under climate change, the average annual rainfall is expected to decrease by 49.3

mm/year compared to the present amount of 2965 mm/year, equivalent to 1.7% less

rainfall per annum (Ministry of Natural Resources, Environment, and Meteorology, 2005).

With better rainfall capture, the reduction in rainfall predicted from climate change could

still lead to an increase in water availability in Samoa: if 20% of roofs in built-up areas

were set up to capture rainfall, an additional 11,404,000 t/year would be supplied. It must

be noted that not all roofs are conducive to rainfall catchment; traditional thatch is still

used for about 15% of buildings (Samoa Bureau of Statistics, 2011a). However, as 85% of

buildings are roofed with iron sheet or a combination of iron sheet and thatching, there is

good potential for rainwater catchment for water supply, if guttering were added to roughly

one quarter of the appropriate structures. Based on the rainfall of Manono Island, 50

L/capita/day for the average-sized household of seven people could be supplied by 125 m2

of roof area and a standard 19.26 m3 storage tank (Schölzel & Ricci, 1998). The authors

of the latter note that while 50 L/capita/day is an appropriate goal in the short-term, the

long-term goal should be to provide 80 L/capita/day by rainwater, similar to reference

minima suggested in Section 6.3.6. Additional roof area, and more storage volume, would

therefore have to be available for supply of 80 L/capita/day, in this scenario.

At the 2009 level of consumption, water supply will retain a safety margin of around

30% more supply than required, even if rainfall is reduced through climate change (as

shown in Table 6.3), provided that central supply is maintained at 2009 levels, or equivalent

new storage is built, or rainwater collection at the household level is encouraged to the same

supply levels. The comfortable margin of available water input over water consumption

(explained in Section 6.1.2) means that there is some elasticity in supply going into the

future; even as the population grows, it is likely that there would be adequate supply for

some time into the future (even taking into account the possibility of changes in rainfall).

In this aspect, Samoa is rather unique among SIDS, whose dependence on (often

contaminated) groundwater is typically a prominent characteristic of their water supply –
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Figure 6.3: Implementation of Samoa’s water production potential against population
growth scenarios, assuming suggested policies are implemented evenly over the period
2009-2025.

though Samoa’s groundwater also suffers from contamination which may make this water

source unacceptable in future, the abundant rainfall offers an effective alternative. The

effects of the suggested improvements are shown graphically in Figure 6.3, though the

potential level of local supply in Samoa is so much higher than even the high-growth

scenario that the implementation phase could realistically be stretched to 2040 or beyond

(assuming groundwater quality is maintained at a level equal to or better than that at

present).

Because groundwater is generally used close to where it is sourced from, this research

assumed that there are no pipe losses, whereas the central water supply loses 40% of water

provided (Lokai, 2011). If this could be reduced to 30% losses in total (i.e. a 25% decrease

in 2009 losses), an additional 4,000,000 t/year would be available. Coastal groundwater

springs are often used by households at no major material or energy costs, even though

the risk of contamination is increasing, and there is certainly more than enough rainfall

to fulfil requirements (see Equation 6.1 in Section 6.1.2). Provision of better catchment

and storage of rainwater would improve access to fresh water at a lower on-going cost

to communities. Alternatively, or supplementary to this approach, could be demand

management measures such as compulsory standards for water fixtures.
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6.3.3 Future Energy Systems Sustainability

Context

Samoa developed a National Energy Policy in 2007, which is the current guide to priorities

in the sector (Ministry of Finance, 2007). Renewable energy is prominent, with a more

recent goal to generate all electricity from renewable sources by 2025 (Government of

Samoa, 2015). The Policy is critical of past projects which it describes as ad hoc, donor

driven, and frequently inefficient and ineffective, however it makes no suggestions as to how

to improve project performance. The Samoan Government has planned a series of new

projects and demand reductions to enhance energy supply in both electricity generation

and transportation (Rasmussen & McGoldrick, 2008a; D’Este et al., 2011). The new

projects would supply a combined total of 718,000 GJ/year of new energy production; the

demand reductions would correspond to a gain of 226,000 GJ/year, as follows:

• 41.56 GWh (∼5 MW) in new hydropower developments;

• 1.25 GWh (∼120 kW) from new wind turbines;

• 5 GWh (∼1.2 MW) in on-grid solar installation;

• Production of 15 million litres of coconut biodiesel;

• Production of 3 million litres of breadfruit ethanol; and

• Demand reduction of 15% from electricity and 10% from transport.

The proposed implementation of these policies, and their effect on the societal

metabolism, are shown graphically in Figure 6.4, in which energy efficiency gains and

production of biofuels would be evenly ramped up across the implementation period, the

wind farm presently under construction would be assumed commissioned, and the new

hydropower plant would be built in 2024.

Energy is an area of special concern; with an increasing number of Samoans connecting

to grid supply, there will be greater pressure on the national grid and thus a higher demand

for imported diesel (since hydropower is already at maximum capacity) until new energy

sources are developed. This means an increase in costs for the EPC, and bodes poorly

for Samoa’s energy efficiency and self-sufficiency unless and until new renewable energy

supplies can be commissioned. It will take time and finance to roll out appropriate options.

The lava fields of Savai’i have been identified as a good potential site for wind power and
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Figure 6.4: Implementation of Samoa’s planned energy production potential against
population growth scenarios, assuming policies are implemented over the period 2009-2025.

a number of test sites are already operating. Geothermal power has been mooted but only

preliminarily investigated due to the high cost of drilling (Ásmundsson, 2008), and oceanic

and tidal power possibilities have not been studied.

Samoa developed an Energy Sector Plan (Ministry of Finance, 2012a) with assistance

from the Secretariat of the Pacific Community, to address the stated need for both supply

and demand-side management in order to improve efficiency in the power sector (Rosillo-

Calle & Woods, 2003). A key role of the Plan was to guide donor investment in the sector.

The energy sector is currently listed as having the largest quantity of available donor

resources (∼US$105m) of any sector in Samoa, though there is likely to be further potential

for investment in renewables, highlighted in Samoa’s National Infrastructure Strategic

Plan (D’Este et al., 2011). The recent Power Sector Expansion Project (PSEP, supported

by the Asian Development Bank) invested heavily in upgrading supply and transmission

to address outage problems on both islands, managing demand through use of pre-pay

meters (electricity demand dropped 18% in 2009 as a result of meter installation), and to

improving regulation and Electric Power Corporation’s (EPC) operational and financial

performance (Atilua, 2011; Asian Development Bank, 2007).
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Samoa’s stated goal of 100% of electricity generation from renewable sources is con-

ditional on international assistance with implementation support, including finance and

technology transfer (Government of Samoa, 2015). This goal would however align with

greater long-term economic development of the islands, as the unit cost of renewables is

typically much lower than that of fossil fuels, and would have public health and environ-

mental advantages by reducing air pollution. This ticks all three spheres of the classic

model of sustainability.

Effects on Societal Metabolism

The production of biodiesel from coconuts was investigated by Samoa’s only petroleum

importer, Petroleum Product Supplies Ltd., in the mid-2000s when crude oil prices were

rising dramatically. The results were promising: coconut biodiesel could be used for the

newer electricity generators in place of diesel and blended up to 20% in diesel vehicles,

so long as the esters were removed for both purposes, but this de-esterification is an

expensive process that produces a toxic waste by-product. Furthermore, the biodiesel’s

useability varies between vehicles and generators of different makes and ages, from about

5% in the older generators used by the Electric Power Corporation up to 100% in newer

diesel vehicles. Some government vehicles are currently running on locally-made biodiesel.

Multiplied across the entire diesel fleet (including a 5% mixture in machinery and assuming

newer vehicles make up 20% of diesel vehicles), and a 5% blend in diesel-electric generators,

this would displace 187,000 GJ of diesel, equivalent to 31,000 barrels (over US$1.8 million

at 2016 prices). Unmodified biodiesel could be used in heavy machinery but at present,

most coconut oil produced is used for cooking or exported for use in cooking or cosmetics.

70% of the cost of producing coconut biodiesel was borne in purchasing the raw material,

due to the high labour cost of collecting, drying, and transporting the coconuts (Sefo,

2011). The technology, supply capacity, and equipment to support biodiesel production

in Samoa exist, but production is not yet economically viable due to the comparatively

high cost of the coconut feedstock, implying that the Government’s targets are not likely

to be met until crude oil again reaches higher prices (see Figure 6.6). Biobutanol may

present a viable alternative (Ministry of Finance, 2012a), but this would require further

investigation to determine the feasibilty and advantages and disadvantages compared to

other biofuels.

Overall this means that coconut biofuels have strong economic arguments to overcome

before they could be considered a replacement for fossil fuels, and consideration of any

possible conflict with food supply and livestock feed would be sensible. In addition, other



132
CHAPTER 6 ANALYSIS: SUSTAINABILITY ASSESSMENT & CARRYING

CAPACITY

biomass sources could be used for electricity generation, such as combustion of agricultural

and forestry residues and sawmill waste, biogas from municipal solid waste (see further

discussion in Section 6.3.4 below), and small-scale production of charcoal from coconut

fibre (Rosillo-Calle & Woods, 2003), though these have not been investigated for Samoa.

Electric cars could void the question of biodiesel (especially if that electricity were produced

from renewables), but it will take time for these to become a sizeable portion of the Samoan

vehicle fleet.

With planned energy projects including new hydro dams and wind power, along with

expected biofuel development and demand reduction, Samoa could supply more than 100%

of its own energy in the future (as shown in Table 6.2), making the energy supply fully

sustainable at 2009 demand levels; however there is no assurance whether or not these

planned projects will actually be carried out. Though no power source is 100% efficient,

the free and unlimited nature of renewable inputs makes the efficiency less important

(as compared to fossil fuels, which have a unit cost), and mainly comes into play with

transmission and distribution, and for biofuels, as there are necessarily combustion losses in

vehicle engines. However, it is unlikely that all energy demand will arise through electricity

in the near future, therefore Samoa’s actual energy self-sufficiency will lie somewhere

between 45.2% (at current efficiency, unrepresentatively low because of the present reliance

on diesel which will not be the case in future if renewables become prominent) and 125%

(at an equally unrealistic 100% efficiency).

Solar panels power the small inhabited island of Apolima at the western tip of ’Upolu,

and many hotels have installed solar water heaters to benefit from Samoa’s strong tropical

insolation. Future expansion of solar power utilisation seems very likely, though it has

not been specified in the Government’s plans and hence is not included in the energy

potential calculations. Based on insolation of 7.1 GJ/m2/year, according to Albuisson et

al. (2006), and a conservative estimation of 20% efficiency (Dhankhar, Singh, & Singh,

2014), Samoa could hypothetically fully supply its own electricity demand (of 360,000

GJ/year, as calculated in Section 5.2.5) by adding solar panels to as little as 2.3% of their

urban/built-up areas. This would not necessarily conflict with rainwater catchment as

suggested in Section 6.3.2, as this represents a very small proportion of roofs, but of course

this would require some form of storage, as solar energy is not available all the time. As

this uses an annual average insolation value, more electricity would be available in the

dry season, and less in the rainy season, though this could work well in conjunction with

hydro-electric power generation. Although solar power is being used in a few locations

across Samoa, it may not be the most appropriate option, as the panels can be ripped off

their supports in high winds and become lethal, or can themselves be disabled by flying
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Figure 6.5: Samoa’s bathymetry, for possible OTEC and wave power generation. Deeper
water is required for OTEC to gain enough temperature differential, but distance to
consumers is a concern, as cable laying is a very expensive component of OTEC projects;
therefore deep water closer to land is better. Source: SOPAC (2007).

debris.

OTEC (oceanic thermal energy conversion) is another possible option for baseline

(continuous) power generation in Samoa and other SIDS (Binger, n.d.). As shown in Figure

6.5, water deep enough for OTEC may be reached from the south-eastern end of ‘Upolu,

and the channel between the islands could provide tidal power with short connections to

both islands. Wave energy, sited on the southern coast of Savai’i, has also been suggested

as having high potential (Rosillo-Calle & Woods, 2003), but as a very young technology,

may not be available or cost-effective for some time.

Renewables present issues of baseload supply, so depending on the exact mix of

technologies that are deployed, some form of storage may be required. Because of the
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existing hydrodam reservoir(s), pumped storage may be appropriate. Resistance to cyclones

should be considered in developing new energy infrastructure, as renewables are more

susceptible to the elements than diesel generation. Maintenance costs would also need to

be factored in, as hydrodams have been shut down in the past due to silting, caused by lack

of maintenance (Tamasese, 2011). It may also be difficult to get skilled and experienced

staff locally to construct and maintain these systems, particularly those that are new to

Samoa or not widely used.

The difficulty of financing new projects could be a limiting factor in rolling out renewable

energy technologies, with the investment required upfront, even if renewables may make

better economic sense in the long run. For reference, the daily spot price of Brent crude oil

is shown in Figure 6.6; the volatility of this commodity is quite evident, particularly in the

past 15 years. For a country that relies on fossil fuels for 79% of its energy, this is a difficult

trend to cope with; for a very small economy such as Samoa’s, it is even more challenging.

Samoa’s 51,000 t/year of diesel equate to just under 500,000 barrels/year, costing US$40

million per year at the 2006-2016 approximate average price of US$80/barrel.

Implementation

At 2016 prices of approximately US$60/barrel, this reduces to a cost of US$30 million/year;

for comparison, a hydroelectric project of the size that Samoa is proposing (∼5 MW)

could cost a total of US$10–40 million to construct, and US$2–5 million/year to operate

and maintain (IEA Energy Technology Network, 2010; IRENA, 2012a), providing 11%

of annual energy consumption. Even at the more expensive end of the estimates, this

compares favourably with diesel-electric power generation. The ∼120 kW proposed wind

power generation project is likely to cost approximately US$540,000, using conservative

cost estimates of European offshore projects to reflect the extra expense of shipping

construction materials to Samoa and the difficult building conditions, with an operating

cost of US$60,000/year (IRENA, 2012b), though this would supply only 0.3% of energy

needs. Possible funding sources for these projects are the private sector, development

partners, and state-owned enterprises (D’Este et al., 2011). Switching to renewables would

have the additional benefits of reducing air pollution of particulates and CO2, avoiding

oil’s price volatility, and removing the risk of oil spills.

Cheaper, more plentiful, and/or more reliable electricity supply may lead to higher

use, increasing the demand and thus creating the need for even more capacity, as is often

the case for developed countries. The effects on living standards and people’s ability to

do business will most likely be worth the ever-increasing demand, particularly as growing
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Figure 6.6: Daily spot price of Brent crude oil and diesel base price, in nominal (unadjusted)
US dollars, from 1996-2016. Data from U.S. Energy Information Administration (EIA)
(2016).

the economy would provide a larger financial base from which to draw on for any future

expansion.

6.3.4 Future Materials Systems Sustainability

Context

There is no official plan or policies regarding Samoa’s material supplies. With few local

manufacturing industries, it would be difficult for Samoa to improve its proportion of

locally-supplied materials unless demand were to reduce for widely used items such as

electronics, appliances, cars, and other finished goods. For the foreseeable future, Samoa

will be dependent on a relatively high percentage of imported goods, assuming the present

trend of pursuing Western living standards prevails (and assuming it continues to be
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uneconomical or unviable to manufacture these goods locally, due to the limited size of

the market and lack of necessary resources, such as rare earth metals required to produce

electronics). Yet there remain questions over the resilience and sustainability of shipping

goods to a remote island which cannot produce those goods itself.

The issue of shipping will be a crucial one in answering whether or not transportation

of goods to isolated islands is a more resilient and sustainable solution than substituting

alternative local materials for imported or establishing local manufacturing in places

where the economy may not be able to support such industries. In their study comparing

close-to-market assembly versus long-distance shipping of final products in the South

Korean automotive industry, Nieuwenhuis, Beresford, and Choi (2012) point out that the

long distances involved in shipping to their markets (i.e. the high fuel total consumption)

counterbalances the higher efficiency of shipping relative to other forms of transport on a

per-tonne basis; it is likely that a remote SIDS would be similarly affected.

It is clear that some items will have to be imported for the foreseeable future, since

Samoa cannot yet economically manufacture finished products like electronics or vehicles,

and in any case does not have the resources to produce them or the means to dispose of the

associated potentially toxic waste. 3D printing offers the possibility (in future) of cheap

manufacturing after an initial investment, but this technology is not yet readily affordable

and may not be for some time. The issue of materials therefore comes to somewhat of a

sustainability juncture between technology and wants (or needs). Either technology would

have to allow local production of in-demand items such as mobile phones, or demand would

have to be quelled, or a combination of the two – neither of which are likely, therefore

materials sustainability is unrealistic for Samoa in the foreseeable future. Thus, for the

moment, Samoa will be dependent on imports for many of its material flows.

As an alternative metric, it could be reasonable to accept that there will always be a

limit on the kind of materials sustainability that is achievable by a country like Samoa,

and so along similar lines to the division of materials including and excluding CO2 as

used for the purposes of this thesis, it is plausible that materials could be more fairly

allocated into two sub-categories: those which are produced locally or have alternatives

that could be produced locally, and those that could only ever be imported. The validity

and implications of such categories, and the difficulty of clean implementation, would

make this approach more of an accounting exercise than useful in practice, and thus a less

desirable method.
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Effects on Societal Metabolism

As shown by the high contribution to Samoa’s societal metabolism of vegetative uptake

of CO2 (in Section 5.2.6 and Figure 5.7), natural materials are an important contributor

to material consumption. Samoa is now being reforested following a flurry of timber

exporting in the 1980s, which irreplaceably decimated much of Samoa’s old-growth forests

(Sesega, 2009). With 192,000 hectares (68% of Samoa’s land area) classified as forest,

secondary forest or scrub, the Government of Samoa has stated that there is capacity to

increase agricultural production, and that land that is unsuitable for agriculture may be

suitable for forestry (UN Food and Agriculture Organization, 2009). It is likely that there

is potential for higher local supply of construction materials, the largest single sub-category

within the materials supply system, given that higher CO2 uptake than emissions means

that reforestation is currently occurring in Samoa. Careful management of the production

and plantation forests could yield an additional local source of much-needed construction

materials.

The calculated potential for locally-supplied materials (in Table 6.2) assumes the

replacement of 10% of imported construction materials with local construction materials,

equating to 130,000 t/year. If material self-sufficiency were to be pushed at a political

level, the use of traditional local construction materials such as copra, dead coral, basaltic

rock, and wood could be managed sustainably to further help reduce material imports.

Traditional buildings have been shown to be more resilient against cyclone damage and

are cheaper to build and rebuild if necessary (The World Bank, 2010).

Another possibility is to use Samoan-grown wood locally rather than the current

economically-driven situation where Samoan hardwoods are exported and cheaper foreign-

produced wood is imported. Because the majority of imported materials are for construc-

tion, a paradigm shift towards using local materials such as rock and wood could help to

reduce demand for imported goods. This would have to be carefully managed to avoid

overexploitation of slow-renewing resources. The effects of increased local material use are

shown graphically in Figure 6.7, which shows that such a small increase on an already low

local proportion barely keeps pace with even the low-growth scenario. If Samoa wished to

become sustainable in materials usage, alternative paradigms would have to be considered.

Implementation

As a young volcanic island group, Samoa has plenty of easily accessible scoria and rock,

especially on Savai’i. If required, this could potentially be mined from recent lava flows
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Figure 6.7: Implementation of Samoa’s materials production potential against population
growth scenarios, assuming the local increase is implemented evenly over the period
2009-2025.

on Savai’i, avoiding land use disruption. The plentiful loose scoria could be crushed to

produce gravel and sand. Steel and pre-fabricated concrete would still have to be imported

as they would be very difficult to manufacture in Samoa. So, construction techniques or

building design may need to be modified to better suit the locally available materials.

Current climate change mitigation measures in Samoa mainly involve building seawalls

in areas where erosion is rapidly reclaiming coastal land. The walls are generally built

by throwing rubbish and boulders onto or just behind eroding land and pouring concrete

over it to bind it together – a cheap interim solution, not sustainable or lasting. These

amalgamations get washed away by storm surges often within months of being constructed.

Engineered seawalls may last longer but are too expensive for many to afford. With 403

km of coastline (CIA, 2011), there is simply too much to manage via built infrastructure.

Native mangroves could be rehabilitated in many areas, and coastal land abandoned after

the 2009 tsunami could be reforested to capture soil runoff and build up coastal defences.

These forests could also perform function as an additional supply for wood, if managed

sustainably. Regrowing mangroves is a slow solution, but in the long run would require

much less materials and financial investment than seawalls.
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6.3.5 Closing the Loop in Samoa

Organic Waste Systems

Opportunities for closing the loop are present in Samoa, especially in re-purposing food

and garden wastes. Around half of household waste sent to landfill is green (agricultural)

waste, which with appropriate facilities could be incinerated to generate power, or by

adding the approximately 15% of household waste that comprises food waste, could be

converted into compost. This practice is not common in Samoa though it has potential

as an economic resource (Sinclair Knight Merz, 2000a). As discussed Section 5.3.2, the

amount of waste measured officially is probably an underestimate, and in particular the

(illegal) daily fires that can be seen across both islands indicate that the amount of green

waste burned is almost certainly much higher than the official figure of 4% of total green

waste.

If this waste were collected there would be a steady and sufficient feedstock for

centralised compost production or incineration, and would contribute positively to health

outcomes, by reducing respiratory illness arising from waste burning. Controlled waste

incineration could be a possibility; a solid waste analysis for the island of Mauritius found

that the calorific content of solid waste was 18.8 MJ/kg on a dry weight basis, although the

waste had to be dried first, given an initial moisture content of 48% (Mohee, 2002). In rural

areas of Samoa, organic waste plays an important role in feeding animals and fertilising

and conditioning soil, but in urban areas, the majority goes to landfill (Sagapolutele &

Rasch, 2008). Establishing a composting programme in Apia would reduce the load on

the island’s sole landfill so it could remain open longer, though initial investment could be

a barrier.

Another option is biogas digesters, which some NGOs have attempted to introduce

(D’Este et al., 2011); these fairly simple anaerobic digestion chambers reduce the outflow

of human waste to groundwater and landfill, and reduce the environmental load of animal

waste, in return producing methane that can be used for cooking purposes, thereby also

reducing the demand for woodfuel and potentially freeing up that wood resource for

materials use (rather than burning).

The largest individual amount of waste generated comes from wastewater; at present,

there is no centralised wastewater treatment for residential areas, although a treatment

plant for commercial customers in central Apia was commissioned in 2009 in response

to declining water quality in Apia harbour, and has been operating well within its legal

discharge limits (Schwalger, 2011). There is some concern over maintaining groundwater
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quality where septic tank use is prevalent (as described in Sections 6.1.2 and 6.3.2);

this is further reason to consider the use of biogas reactors to aid in sustainable waste

management. This technology shows potential if used correctly but has not yet become

widely used in Samoa. Eckelman and Chertow (2009) note that the main constraints

limiting the sustainable development of the waste management systems on Oahu, Hawai’i,

are economic; a result of the island’s remoteness, high energy prices, and the intermediate

size of the market (small enough to limit the effect of economies of scale and market

competition, but large enough to demand diverse products). These factors could likewise

be influencing Samoa’s waste management systems.

Inorganic Waste Systems

Given that Samoa’s food products are mainly produced locally, and there is existing local

acceptance for recycling organic waste, it seems natural that another possible opportunity

to close the loop on Samoa’s import dependence could be to locally recycle inorganic

materials that would otherwise need to be imported, rather than the current practice of

exporting containers of some types of metals and plastics. (Glass used to also be exported

for recycling but this seems to have been discontinued.) However, this is unlikely to occur

for several reasons.

Firstly, as discussed in 6.3.4, if manufacturing (of which recycling is a subset) were

economically viable on Samoa, it would already be employed for supply of at least some

consumer goods as well as for recycling purposes. The main manufacturing industry on

Samoa (producing auto parts) is tiny in terms of mass production in comparison to materials

imports, and relies on imported raw materials. That it is cheaper to export collected

recyclable materials than recycle or reuse them locally indicates the inherent barriers to

sustainability, whereby social choices to obtain technology contribute to unsustainable

outcomes, although the act of collecting these materials when recycling does not occur on

the island suggests that the difference in value is not massive and could be overcome by

large enough changes in commodity prices, the cost of shipping, or political will (such as

the EU’s product stewardship laws, which require companies who manufacture certain

goods to take responsibility for their end-of-life disposal). There is also a limitation on the

kinds of materials that can be recycled, and the facilities and other resources required –

such as energy input for some metals, which in Samoa would be a substantial burden on

the already-undersized grid.

Secondly, this would represent a trade-off between aspirational standards of living

and ‘hard’ sustainability (see Section 1.3.1), in that hard sustainability would require
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that inputs and outputs strictly equal out, so that a new mobile phone would need to be

justified by some kind of offset, and the old phone would need to be reused or recycled fully

locally, or shipped overseas (in a sustainable manner) for proper recycling. It is easy to

imagine how modern life would grind to a halt if these were the rules. Even if the imported

consumer goods were second-hand from elsewhere, the ‘sustainable’ disposal of these goods

by re-purposing them would arguably belong to those who had first purchased them, rather

than those with whom they ended up – who would still need to either re-repurpose them

or find another responsible method of end-of-life disposal. Whether Samoans were the

first, second, or later link in this chain, the trade-off is unresolved: reuse (i.e. reselling

used goods) is generally cost-effective and more sustainable (by avoiding virgin resource

use and associated emissions, etc.) than purchasing new goods, however there remains a

tension between the benefit of the new item (and latest technology), versus the proposed

sustainability approach of balancing resource inputs with outputs.

One area in which this already occurs in Samoa is vehicles, which are predominantly

second-hand Japanese imports. Does this reuse of older vehicles represent a type of

wider Asia-Pacific sustainability? Having this option certainly increases the availability

of vehicles by reducing economic barriers. Once on the islands, vehicles generally do not

leave (to the detriment of Samoa’s greenhouse gas inventory, and the benefit of Japan’s

industries). These older vehicles go to Samoa’s landfills rather than Japan’s, shifting the

environmental burden – but if they were to end up in a landfill either way, is it better

that they have as long a life expectancy as possible? The answers to these questions are

unavoidably political as well as environmental, and so are outside the scope of this thesis,

but they necessarily play into the broader discussion of sustainability when it comes to

SIDS.

Shifting technology means that sustainability in the sense of a circular economy

is simultaneously getting closer and further away all the time; legislation and disposal

techniques lag behind the wave of innovation that seems to require ever-more rare materials,

at ever-greater volumes. This boils down to the tension between regulation and economics,

where either unsustainable practices become uneconomical (perhaps due to resource

shortages or market preferences for avoiding irresponsible consumption), or authorities

will legislate to achieve the desired sustainability outcomes.
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6.3.6 Sustainable Consumption

At this point, it is salient to ask whether an objective figure of per-capita consumption

exists, that could represent an appropriate sustainability baseline to which any given

socio-economic system might aspire. No such goal has yet been defined, though minima

for sustainability and ‘basic needs’ have been identified in some of the relevant categories

(though not all), as some aspects of consumption are tied up more with the technologies

used to fulfil our basic needs rather than being an intrinsic component of human needs

themselves; this is especially the case for materials and energy consumption. Using less

‘stuff’ seems likely to be more sustainable, or would allow for existing supply systems to

service more consumers according to the carrying capacity approach, but to a degree, this

probably represents a trade-off against living standards.

The study values for Samoa are compared with several relevant reference values that

offer suggestions of where Samoan society may be headed, in Table 6.1: UN/WHO

recommended minima; a set of prescribed sustainability requirements from Walsh et al.

(2006), which represents a more comfortable long-term standard of living than the UN

conditions; Samoa’s 2009 consumption values, as calculated by this study; the average

of SIDS’ consumption values, being the societies that are (at least theoretically) the

most similar to Samoa in geographic/environmental and cultural conditions; developing

countries’ (UN least developed countries, or LDCs) average consumption, representing

possibly a more realistic set of minima than the UN or Walsh et al. (2006) values; and

developed countries’ (mainly OECD) average consumption, representing the Western

lifestyle that Samoa (along with most other developing countries) is pursuing.

Table 6.1 shows that Samoa’s water consumption sits higher than the average developing

country, and much higher than the minima, though well below the SIDS average and less

than half the developed countries’ average, suggested moderate usage. This is surprising

considering that Samoa’s water input was relatively high compared to other locations

(as described in Section 5.2.4), and implies that water supply only needs to be so high

because of the large proportion of distribution losses. Thus, reducing pipe losses would

bring Samoa into line with other, similar countries, and would appear to be more of a

sustainable level of consumption.

Samoa’s food consumption (by energy) was higher than all other comparative values,

higher even than the developed countries, though it was only second highest for protein

consumption (possibly as protein often tends to be the most expensive macro-nutrient).

This result indicates that Samoa’s level of food consumption is only sustainable so long
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Table 6.1: Comparison of Samoa’s consumption level to various groups and recommended values.

Supply item
UN/WHO Walsh et al. (2006) Samoa’s

SIDS
Developing Developed

Unit
(per capita)

recommended sustainability 2009
average

countries countries
minima requirements consumption (LDC) (OECD)

Water 1 50-100 50 742 1,242 656 1,613 L/capita/day
Food 2 2,658 2,990 3,678 2,652 2,319 3,418 kcal/capita/day

of which, protein2 46 40 78 67 61 105 g/capita/day
Energy 3 ... 99 21 139 41 504 MJ/capita/day
Materials 4 ... ... 13 ... 4.5 17 t/capita/year

household space 5 12 30 ... ... 7 69 m2/capita
Solid waste 6 ... 0.2 0.7 ... 0.7 1.3 kg/capita/day
CO2 emissions 7 ... ... 1.1 10.9 0.3 17.2 t/capita/year

Notes:
Ellipses indicate data are unavailable or not specified.
1. Data from AQUASTAT (n.d.). UN/WHO and Walsh et al. (2006) values do not include water used for agriculture.
2. Data from UN Food and Agriculture Organization (n.d.). ‘Developed’ refers solely to EU countries, in the absence of OECD data. UN/WHO data
from UN Food and Agriculture Organization (2001) (energy) and World Health Organization (2007) (protein), using moderate activity, 75kg for men
and 65kg for women, averaged over adult lifespan.
3. Data from The World Bank (n.d.); SIDS data refers to Pacific Island SIDS only, calculated from Schandl et al. (2011).
4. Data from Schaffartzik et al. (2014). ‘Developed’ refers to the Western Industrial group; ‘Developing’ refers to Sub-Saharan Africa.
5. As a proxy for material use. Data from Walsh et al. (2006). ‘Developed’ refers to the average of EU countries and the USA; ‘Developing’ refers to the
average of Laos and Kenya, in the absence of additional data.
6. ‘Developed’ refers to the average of EU countries and the USA, with data from Walsh et al. (2006). ‘Developing’ refers to the averaged solid waste
output of countries surveyed in the literature (see Section 5.3.2 for countries included and sources).
7. Data from The World Bank (n.d.).
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as Samoans are comfortable with the prospect of obesity; a more moderate level of

consumption could allow local food systems to increase their contribution to total food

supply, and reduce dependence on imports, which would improve Samoa’s self-sufficiency

(and therefore carrying capacity) in food supply.

By contrast, Samoa’s energy consumption is the lowest amongst the compared values,

just half of the developing countries’ average (one seventh of the average SIDS’ energy

consumption), and equivalent to one fifth of the suggested sustainability requirement

for energy. This suggests that Samoa’s energy consumption, being currently so low, has

the potential to grow substantially to match the consumption level of similar countries.

The factor suppressing this potential demand at present is probably the high cost of

energy in Samoa (for both electricity and transport). Considering that Samoa’s existing

energy supply relies heavily on imported fossil fuels, once energy becomes more affordable

(whether through cost reduction relative to income or an increase in disposable income),

local energy supplies would have to be developed rapidly for supply to keep up with

demand even if the local-to-imported mix were to stay the same; if energy self-sufficiency

and affordability were set as specific priorities, local energy infrastructure would have to

be developed even faster.

There are no recommended minima for materials needs, however in comparison to

developed and developing countries, Samoa sits closer to the developed countries’ ma-

terial consumption, at 13 t/capita/year to their 17 t/capita/year (compared to just 4.5

t/capita/year for developing countries). As a proxy for materials use, household space

was unavailable for Samoa, though comparing these values for developing and developed

countries with those of their material consumption (if the relative proportions remain the

same), suggest that Samoa’s household space may be on the order of approximately 42

m2/capita, slightly more than the sustainability requirements and comfortably above the

UN-prescribed value. Samoa’s very high dependence on imported materials, combined

with high materials consumption, suggests an unsustainable level of demand, though due

to lack of local industry, there is no easy way to address this other than by substituting

local construction materials for imported, as much as possible (as explained in Section

6.3.4).

Solid waste is a further proxy for material consumption, in this case suggesting that

Samoa consumes a similar amount to other developing countries (producing solid waste

of 0.7 kg/capita/day), and less than developed countries, though still well above the

sustainable recommendation of 0.2 kg/capita/day. By CO2 emissions (which tend to reflect

the level of industrialisation, as the result of intensive agriculture, electricity production,
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and transportation), Samoa appears to be more developed than the UN’s LDCs but less

developed than the average SIDS, and in turn is very much less developed than the OECD

countries.

6.3.7 Samoa’s Consumption in Context

Samoa’s levels of consumption can thus be summarised as: fully sustainable in the sense

of self-sufficiency for water, though at a much higher rate of consumption than the average

for developed countries; majority locally-produced but higher consumption than locations

in the developed world for food; and majority imported but lower consumption than in

the developed world for energy and materials. However, while comparisons of this nature

are typically made on a geographic basis, sustainability is not inherently geographically

defined; as much as an off-the-grid house could be described as a sustainable system,

sustainability can be local, regional, national, or otherwise. A smaller area (such as a

village) within Samoa could in theory itself be sustainable or self-sufficient, although that

would not necessarily register on a national scale. Although a national perspective has

been taken for this study, this was primarily because assessments of environmental and

social metrics (such as greenhouse gas inventories, happiness indices, etc.) are commonly

presented in national terms, though it must be noted that any other approach would have

greatly hindered data retrieval.

Much as Section 1.3.2 argued that the inner workings of a ‘black box’ system are less

important in a sustainability context than the broader outcomes of that system – i.e. that

it could be said to be sustainable if its mass balance were neutral (in quality as well as

quantity) – Samoa is only one island in the massive Pacific region, and represents only a

tiny percentage of the global population and consumption. As a country, it might be more

or less sustainable than its Pacific neighbours, and the Pacific region may be more or less

sustainable than other regions of comparable size (even in just one material type, such as

the imported vehicles discussed in Section 6.3.5). But just as Samoa in 2009 was in some

ways more sustainable than other countries and in other ways less sustainable, yet on the

whole moving towards a Western standard of living, it is the same path that many (if not

all) developing countries are taking. The onus is on the developed countries to demonstrate

how expected standards of living may be retained and improved whilst reducing our global

consumption to fit within the Earth’s intergenerational carrying capacity.

It could certainly be argued that the only acceptable level of sustainability would be

global to achieve true intergenerational justice; though a paradigm shift of such proportions
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is a huge prospect that would likely take a long time to implement (indeed, it already

is). As with any big shift, a bottom-up approach is more palatable and more likely to

be successful than top-down. Even measuring national-level sustainability may be too

high a level to reflect incremental changes at a household or village level: even if these

improvements are measurable over time they may be offset by increasingly less sustainable

consumption patterns elsewhere within the black box, with no overall change in the end

result. And yet, the buck stops at a national level more than anywhere else, in terms

of sub-national and international legal responsibility. Hence, while it would be useful to

pursue sustainability assessment on a sub-national and wider-regional scale, the national

level will remain necessary and is therefore quite adequate as a starting point.

6.3.8 Planned Projects and Future Potential

It is also worth considering the effect that planned projects and potential infrastructure

development might have on carrying capacity and therefore Samoa’s future sustainability.

There are several ways to change the supply equation: Import more, produce more locally,

improve efficiency of use, close the loop (turning waste products back into useful goods),

reduce the population, or change the population’s lifestyle expectations (i.e. reducing

demand for metabolic goods). An overview of the potential production for each metabolic

category is set out in Table 6.2.

Table 6.2 and Figures 6.8 and 6.9 illustrate the overall potential local production

scenarios as set out in Section 6.3, compared with the present consumption and produc-

tion quantities. Future potential is also contrasted against two sets of reference values:

UN/WHO specifications, sourced from various UN agencies (shown in Table 6.1 and

explained in Section 6.3.6) and reflecting the bare minimum supply amounts needed to

meet the very most basic human needs that every society would ideally be able to provide;

and the sustainability recommendation by Baccini (1997) of supplying 80% of all mass

goods locally, as discussed in Section 1.3.3. The potential local production values are

higher than current consumption for all categories but materials (including and excluding

CO2). Whilst export elimination (using currently exported goods locally to augment local

supply instead of selling them overseas) is not considered in general due to economic

reasons, the possibility of export elimination is worth calculating and shown here for

context and comparison with the other proposed methods of increasing local production

proportions.

The UN/WHO-specified basic needs values in Table 6.2 are lower than current produc-
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Table 6.2: Potential local production assessment. Individual projects contributing to
potential local production are described in the corresponding Sections 6.3.1 to 6.3.4.

Value
Materials (t) Materials (t)

Energy (GJ) Food (GJ) Water (t)
excl. CO2 incl. CO2

2009 data
2009 production 99,000 1,214,000 840,000 821,000 51,300,000
2009 consumption 1,316,000 2,463,000 1,425,000 905,000 35,301,000

Minima
Basic needs (UN/WHO) ...1 ...1 ...1 769,000 3,457,000
80% of consumption 1,053,000 1,971,000 1,140,000 724,000 28,241,000

Potential
Planned new capacity 130,000 130,000 718,000 120,000 11,404,000
Reduced demand/losses 0 0 226,000 0 4,000,000

Excluding export elimination:
2009 + potential

228,000 1,380,000 1,784,000 940,000 66,704,000
local production

Potential local production
17.4% 56.0% 125.3% 103.9% 189.0%as % of 2009 consumption

⇒ at 100% efficiency

2009 efficiency of use 95.1% 97.2% 36.1% 72.8% 68.8%

Potential local production
16.5% 54.5% 45.2% 75.6% 130.0%as % of 2009 consumption

⇒ at 2009 efficiency2

Including export elimination:
Exports 1,500 1,500 0 91,000 320

2009 + potential
230,000 1,382,000 1,784,000 1,032,000 66,704,000local production

Potential local production
16.6% 54.5% 45.2% 83.0% 130.0%as % of 2009 consumption

⇒ at 2009 efficiency2

Notes:
1. UN/WHO values for materials and energy are not available, hence only values relating to food and
water are shown.
2. The figures for total potential local production (as a percentage of 2009 consumption) are calculated by
dividing the 2009 + potential local production by the 2009 consumption, and multiplying this value by
the 2009 efficiency of use, as 100% efficiency is unrealistic.

tion for both food and water (even excluding export elimination), which is a positive result

for Samoa’s long-term sustainability, albeit at the very most basic end of the spectrum of

living standards. Similarly, the Baccini (1997) suggested minimum local supply level of

80% of consumption, which does not make any designs on lifestyle but encourages local

production as being supportive of resilience, is higher than current local production for all

values but food and water.
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Taken together, this indicates that for 2009, Samoa’s food and water production were

adequate to ensure the minimum basic needs of the population (ignoring market forces),

and the local supply amounts of these two mass goods were high enough to be considered

resilient, and sustainable by Baccini’s criterion, though only the water category may be

currently considered sustainable by the carrying capacity metric. Materials (excluding

CO2) and energy fared worse, both having much lower local production than 80% of

consumption, though materials (including CO2) could be more than 50% locally supplied.

2009 consumption was higher than both minima recommendations and potential production

for energy and both types of materials, yet promisingly, potential production of energy at

full efficiency was 25% higher than consumption. While 100% efficiency is unrealistic, the

free and unlimited nature of renewable resources means that their efficiency accounting

comes out favourably: an overall efficiency of 68% would yield local supply of 85% of

consumption (as discussed in Section 6.3.3).

Including export elimination in the analysis increases the proportions of locally-supplied

materials by a very small amount over future potential without export elimination; it is so

small an increase that the export earning from these goods is likely to be more valuable in

the bigger picture than the slight gain in local supply that would be achieved by retaining

those items to be used locally. Increased use of locally-grown timber is mooted as a method

to improve Samoa’s sustainability in Section 6.3.4, but this could easily be achieved by

making better use of sustainably managed plantation forests, which are growing according

to Samoa’s CO2 balance. Including export elimination in the food category would yield a

substantial local supply increase of over 10%, however as the food category could already

be ‘more than’ fully locally-supplied (at 104%), this increase would be meaningless unless

intensive growth in either or both of population and demand occurs before the potential

production level could be reached.

Figure 6.8 visualises the consumption and production values against the same reference

values (UN/WHO and Baccini, 1997) from Table 6.2 by metabolic category, normalised to

2009 production, and showing where the widest gaps exist between 2009 production levels

and needs, consumption, and potential production. Needs for food and water are to the

left of the axis, water substantially so, indicating that there is much more water available

at present production levels than required for basic necessities. For consumption, only

water is less than 2009 production; food comes close, and energy and materials (including

CO2) are around twice as high, but materials (excluding CO2) are more than ten times

higher than Samoa’s current non-CO2 materials production. This is the category which

requires the most attention to bring consumption and local production closer together.
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Figure 6.8: Histogram showing differences in 2009 production against needs and potential
production, normalised to 2009 production (= 1.0). Note: log scale; excludes export
elimination.

Figure 6.9 shows graphically the consumption and production values from Table 6.2,

against the same reference values, as totals and with each axis referring to supply or

demand. From this slightly different perspective, water is clearly the most sustainable

variable, starting from the vertical axis (needs) and going clockwise, the amounts getting

larger consistently up to potential production; this represents the most sustainable profile

for a societal metabolism with a growing population.

The food category profile is similar, though in this case the basic needs amount

exceeds the suggested sustainable production level of 80% of consumption. Energy and

materials (including CO2) are both slightly less sustainable profiles, dipping on the

2009 production axis but climbing again in potential production. As described in Table

6.2, materials excluding CO2 has a very unsustainable profile, with even the calculated

potential production not coming near 2009 consumption. This again emphasises Samoa’s

high dependence on imported finished goods.

Of course, in the time that it takes to roll out the potential and planned projects, the

Samoan population (and thus the total consumptive demand) likely will have increased,

as may expectations of living standards. Depending how long the planned projects take

to implement, by the time they are operating, the potential could be much further from

the consumption than calculated in Chapter 5. The Samoan Government (and other

decision-makers who have influence over infrastructure systems) must weigh up its desire

for resilience and sustainability against the economic and other practical limitations on
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Figure 6.9: Radar diagram showing differences in totals of 2009 consumption and production
against potential production and needs. Note log scale; excludes export elimination.

development, and thus determine how strongly it values each of these aspects.

6.3.9 Sustainable Development Goals

In the context of this research, ‘self-sufficiency’, or fully local production of consumed

metabolic goods, was taken to represent sustainability (as outlined in Chapter 1), though

a lower target (such as 80%) may be as resilient and more realistic (Baccini, 1997). Taken

to extremes, this concept could also be used to argue that each island within Samoa

on its own should be self-sufficient to be sustainable, since all rely on diesel-powered

ships to transport goods to and between the islands, or that even each village should be

self-sufficient. Since not all metabolic goods could possibly be supplied locally, as discussed
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in Section 6.3.4, clearly there is a balance between self-sufficiency and living standards,

and whilst determining where that balance lies is outside the scope of this research, it is

something that should be borne in mind in the context of discussing the results.

Though there is no single model for sustainability universally supported within the

literature, it is generally agreed that there are three areas that contribute to the overall

sustainability of a society: social, economic, and environmental factors. In some models,

the economy is placed as having greater importance, and in others, the environment is

the most critical aspect, with the other two nested within. Whilst we must recognise our

natural limits and acknowledge the existence of a baseline of sustainability (Rockström et

al., 2009), it is hard to get past the fact that in making any kind of decision, especially in

regards to infrastructure development which typically involves large-scale and expensive

projects, the most important consideration for authorities is rarely the environment, or

even social factors, but finance and economics.

In Section 1.3, various interpretations of sustainability were discussed, including

resilience. Resilience is often used as a measure of sustainability, for example as the level

of society’s reliability on infrastructure to survive (i.e. how dependent is a population on

their infrastructure, and how quickly that infrastructure can be fixed; Krumdieck & Hamm,

2009). These are valuable questions, however being tangential to this research, they are

outside the scope. Yet an accepted external sustainability metric should be brought into

the discussion, to ascertain how well Samoa is doing in moving towards sustainability: the

UN Millenium Development Goals have been updated and have shifted focus significantly,

with sustainability at their core; appropriately, these are now called the UN Sustainable

Development Goals (SDGs; United Nations, 2015). They are as follows (the goals’ main

themes – as determined here – are listed after each, italicised and in parentheses):

1. End poverty in all its forms everywhere; (Economic)

2. End hunger, achieve food security and improved nutrition and promote

sustainable agriculture; (Food, Environmental, Economic)

3. Ensure healthy lives and promote wellbeing for all at all ages; (Food, Economic)

4. Ensure inclusive and equitable quality education and promote lifelong learning

opportunities for all; (Social, Economic)

5. Achieve gender equality and empower all women and girls; (Social)

6. Ensure availability and sustainable management of water and sanitation

for all; (Water)
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7. Ensure access to affordable, reliable, sustainable, and modern energy for

all; (Energy, Economic)

8. Promote sustained, inclusive and sustainable economic growth, full and productive

employment and decent work for all; (Economic)

9. Build resilient infrastructure, promote inclusive and sustainable industri-

alisation and foster innovation; (Food, Water, Energy, Materials, Economic)

10. Reduce inequality within and among countries; (Economic)

11. Make cities and human settlements inclusive, safe, resilient and sustain-

able; (Social, Environmental)

12. Ensure sustainable consumption and production patterns; (Environmental)

13. Take urgent action to combat climate change and its impacts; (Social, Environmental)

14. Conserve and sustainably use the oceans, seas and marine resources for

sustainable development; (Food, Environmental, Economic)

15. Protect, restore and promote sustainable use of terrestrial ecosystems,

sustainably manage forests, combat desertification, and halt and reverse

biodiversity loss; (Food, Environmental, Economic)

16. Promote peaceful and inclusive societies for sustainable development, provide access

to justice for all and build effective, accountable and inclusive institutions at all

levels; (Social) and

17. Strengthen the means of implementation and revitalise the global partnership for

sustainable development. (Social, Economic)

Through their themes of Food, Water, Energy, Materials, and Environment, the goals

directly related to societal metabolism are numbers 2, 6, 7, 9, 11, 12, 14, and 15 (in bold

above). Indirectly related goals are generally those with Economic themes: numbers 1, 3,

8, 13, and 17; in other words, all the SDGs but those relating to solely or mainly to Social

themes (gender inequality, [socio-economic] inequality, education, and justice) are directly

or indirectly affected by societal metabolism and analysis thereof.
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SDG Progress to 2009

The Samoan Government’s current policies and infrastructure systems are ostensibly

working towards all the SDGs (Ministry of Finance, 2012b), though with mixed success.

Poverty (SDG 1) is not a major feature of society thanks to Samoa’s strong social system,

including a cultural practice of sharing plentiful food and belongings with extended family

and neighbours, which helps supplement any lack of economic means via an alternative

version of resilience (Samoa Bureau of Statistics & UNDP, 2010). This also goes some

way towards addressing hunger (SDG 2) and inequality (SDG 10), though sustainability

of the agricultural systems is not assured, as, in addition to Samoa’s minor reliance on

imported food, there is some dependence on imported fertilisers and pesticides, and soil

erosion is an issue. This ties into SDG 15, which seeks sustainable use of the environment;

though they are now partially recovering from intensive deforestation, Samoa’s forests are

not being managed sustainably in the long-term, and similarly, there appears to be no

management of the fisheries to ensure preservation of fish populations and biodiversity (as

prescribed by SDG 14). Thus, Samoa is not currently achieving sustainable consumption

or production (SDG 12).

Samoans’ high food intake and obesity issues (amongst other issues, such as respiratory

illness from burning waste) preclude SDG 3 at present. Water supply is generally good,

though the increasing concerns around groundwater contamination suggest that water and

sanitation are no longer being managed sustainably (SDG 6). As fossil fuels and woodfuel

are still a major energy source, it cannot be said that sustainable and modern energy

(respectively) is widely accessible in Samoa (SDG 7); there are also issues around reliability

whilst almost 80% of energy supply has to be shipped from overseas and is vulnerable to

global commodity pricing.

Samoa’s economic dependence on overseas remittances at present are not cohesive with

sustained and sustainable economic growth (SDG 8), and this also reduces opportunities

to develop towards sustainable infrastructure and industries (SDG 9). Samoa’s capital and

only major urban area, Apia, is not sustainable on its own (SDG 11), as it is dependent on

its hinterland and is growing increasingly polluted with industrial activity and dumping of

inorganic solid waste; it is also unsafe at night, with packs of dogs running wild. Climate

change is a constant threat; seawalls are being built to counter sea level rise, but are not

strong enough to truly safeguard coastal land. Samoa, a tiny island nation, on its own

can only do so much against climate change (SDG 13), and has goals to reduce its CO2

emissions (D’Este et al., 2011), but this will likely be inadequate to the challenges it will

face. Finally, Samoa has had, and is maintaining, strong international links to NGOs for
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development purposes (SDG 17).

SDG Progress in Future

Samoa’s goals for developing the agricultural (and thus the industrial food processing)

sector should have positive effects on export revenues, and thus on economic development,

directly addressing SDGs 1 (poverty), 8 (economic growth), 9 (industrialisation and

innovation), and also improving food security (SDG 2), sustainable consumption (SDG 12),

and terrestrial environmental management (SDG 15). If these areas are grown equitably,

and with a focus on expanding local expertise, they could also address SDGs 4 (education),

5 (gender equality), and 10 (inequality). This push for local produce and intention to

reduce food imports could also help towards SDG 3 (health and wellbeing), though fully

addressing this would probably require a concentrated effort from central Government,

proposing a cultural shift away from the way food is used as a social tool and looking to

healthier alternatives. Samoa’s proposal to increase fish exports without a clear sustainable

management plan for increasing fisheries activities clearly does not adhere to SDG 14.

The Samoan Government plan to address sanitation (D’Este et al., 2011), and has

invited several NGOs to trial various possible infrastructures that may be useful in this

area, though sustainable water management itself is not a specific goal (SDG 6). There

are also plans to incrementally expand the service area of the Apia wastewater treatment

plant (a small step towards SDG 11, sustainable cities). Likewise, the Government seeks

to develop renewable energy projects (SDG 7) in conjunction with NGOs and private

partners, and possible Asian Development Bank funding (SDG 17). This reduction in CO2

emissions is a positive step towards minimising Samoa’s environmental impact; however,

climate change is a global issue and cannot be prevented or fully addressed by one SIDS’

emissions reduction. Ministry of Natural Resources, Environment, and Meteorology (2005)

and Ministry of Finance (2012b) describe the expected effects of climate change, along with

planned mitigation measures, for SDG 13. This leaves only SDG 16 (justice) unspoken for,

which does not relate to societal metabolism and thus is not within the scope.

6.4 Samoa’s Future Carrying Capacity

The implications for Samoa’s potential future carrying capacity against the comparative

values related in Section 6.3.6, placing Samoa’s 2009 consumption into a global context,

are explored graphically in Figures 6.10 and 6.11. These diagrams show the population
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Samoa can support through solely local production (‘Local available supply’, i.e. carrying

capacity), and by the 2009 level of local production supplemented by imported goods

(‘Total available supply’), and by the planned future supply basis (‘Potential local supply’,

equivalent to 2009 + potential local production, including export elimination and at 100%

efficiency), on a per capita per annum basis, for each of the four metabolic categories

tracked throughout this research.

These three curves, for each metabolic category, reflect the labelled supply amount,

divided by the population it has to supply; thus smaller populations get more goods per

person than larger populations. Samoa’s 2009 population is indicated on each graph, along

with the reference values shown in Table 6.1 (displayed as horizontal bars). All values

on these graphs refer to inputs; ‘Samoa consumption at current levels’ refers to inputs

less exports (without efficiency losses, to allow for the possibility that efficiency of use

may change in the future). Where the 2009 consumption differs significantly from Total

available supply (such as in the Food diagram, Figure 6.10a), this reflects the additional

potential input available if exported produce were instead consumed locally (i.e. including

export elimination). This only affects the Food values, as exports in the other mass

categories are negligible relative to local supply.

The intersection of the three curves with each reference value, in Figures 6.10 and 6.11

is indicated by a ‘CC-xx’ label, signalling a carrying capacity (population) value; these are

listed numerically in Table 6.3. So, for example, CC-LC in Figure 6.10a (Food) refers to

the carrying capacity if only the Local available supply were used, to provide an average of

5.6 GJ/capita/year (corresponding to Samoa’s 2009 level of food consumption); tracking

down to the x-axis, this level of supply would be possible for a maximum population of

146,000 – about 50,000 fewer than the 2009 total equivalent population.

Similarly, CC-TD in Figure 6.11a (Materials) indicates the maximum population

that could be supported by both local and imported material supplies at 2009 levels,

but at the level of demand of the average developed country, or 17 t/capita/year; this

corresponds to an equivalent population of 149,000. Table 6.3 demonstrates that each

potential carrying capacity represents a significant increase over the present, with the

biggest gains in materials (excluding CO2), the potential local supply for this category

being more than twice the 2009 value, followed closely by the energy category at 2.1 times

higher than 2009 supply.

This approach may be useful to planning authorities in the context of determining

how to meet the increasing standard of living expectations of the Samoan people whilst

the population is growing at approximately 1% per annum (excluding migration losses of
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Figure 6.10: Samoa’s 2009 local and total available supply, compared to reference values.
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Figure 6.11: Samoa’s 2009 local and total available supply, compared to reference values.
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Table 6.3: Carrying capacity population (rounded to the nearest thousand) at various
supply levels. Note this table refers to input amounts, i.e. at 100% efficiency (representing
the best case scenario). Red or blue text indicates carrying capacity populations 10% below
or above (respectively) the total equivalent 2009 population of Samoa. For comparison,
Samoa’s total equivalent population is likely to reach around 225,000 by 2030 (see Figures
6.14 and 6.13).

Source Reference value Label Energy (GJ) Food (GJ) Water (t) Materials (t)1

Total

UN/WHO minima CC-TM ...2 284,000 1,405,000 ...2

available

Sustainability
CC-TS 109,000 261,000 2,809,000 ...2

supply

requirements

Developing
CC-TG 261,000 326,000 214,000 564,000

countries

Samoa’s 2009
CC-TC 189,000 206,000 189,000 189,000

consumption

Developed
CC-TD 21,000 221,000 87,000 149,000

countries

Local

UN/WHO minima CC-LM ...2 202,000 1,405,000 ...2

available

Sustainability
CC-LS 23,000 185,000 2,809,000 ...2

supply

requirements

Developing
CC-LG 56,000 232,000 214,000 278,000

countries

Samoa’s 2009
CC-LC 40,000 134,000 189,000 93,000

consumption3

Developed
CC-LD 5,000 157,000 87,000 74,000

countries

Potential

UN/WHO minima CC-PM ...2 254,000 1,826,000 ...2

local

Sustainability
CC-PS 49,000 233,000 3,652,000 ...2

supply4

requirements

Developing
CC-PG 118,000 291,000 278,000 307,000

countries

Samoa’s 2009
CC-PC 86,000 184,000 246,000 103,000

consumption

Developed
CC-PD 10,000 198,000 113,000 81,000

countries

Notes:
1. Including CO2.
2. Ellipses refer to values not specified by the corresponding reference.
3. These values signify the current carrying capacity for Samoa, based on solely local production.
4. Potential supply includes export elimination (i.e. goods currently exported would be retained
for local use).
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about 0.4%/year), to forecast where the curve needs to be shifted in order to achieve their

targets. Or, conversely, to understand the reduction in average supply that will correspond

to a larger population if no additional supply capacity is implemented. In addition, the

reference values provide a range of likely maxima and minima that the supply values will

fall into, to aid in predicting future trends.

6.5 Implications for Infrastructure Planning

6.5.1 Development Pathways

Samoa is rapidly developing. According to the The World Bank (n.d.), Internet subscrip-

tions grew from 0.02 to 0.11 per 100 people from 2004–2009 (low absolute values but a

five-fold increase over five years), and mobile phone subscriptions increased from 1.4 to

84.4 per 100 people between 2000 and 2011. These quickly growing figures imply rapid

adoption of technology and the related materials and energy consumption (computers,

phones, and other electronics) in recent years.

Development is driven by myriad conjoined components, including (but certainly not

limited to) GDP and disposable income, supply of basic resources such as electricity

and water, and social and institutional aspects such as access to education and ability

to conduct business; which often feed back to promote further development or resource

pressure. For example, cheaper and more reliable water and electricity could be a precursor

to encouraging uptake of washing machines, which in turn increase average household

water and energy demands.

Comparative MFA results for Curitiba, Brazil, between 2000 and 2010 indicate that

a higher resource throughput correlated with better living conditions and improvements

in socio-economic standing (Conke & Ferreira, 2015). Over this period, energy use,

consumption of construction materials, and waste recycling increased, while food intake,

water consumption, and air emissions remained broadly similar to their earlier levels.

Intuitively, it makes sense that our most basic needs for food energy and water would

remain fairly steady no matter what our living standards, whereas energy and materials

consumption, being more reflective of a more affluent lifestyle, would increase as socio-

economic standing rises. This is consistent with the UN/WHO provision of basic needs

amounts for food and water but not for energy or materials (see Table 6.3.6).

Thus, the mass goods requirements for basic quality of life are likely to continue to
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change over time, as technology and expectation create shifting goal-posts. In Samoa,

the types of food consumed are strongly governed by cultural preferences but could be

affected by technological advances, for example by the introduction of high-nutrient foods

like Golden Rice, which could be one of the new crops the Government has mooted for

expanded agriculture (as discussed in Section 6.3.1).

Water use may also increase or decrease depending on adoption of new technology

and investment in infrastructure, like fixing old leaky pipes or putting guttering on roofs.

Energy demand usually increases hand-in-hand with development (Perez Manrique et al.,

2013), but improved efficiency may offset some of this increase. Material use generally

tends to continue increasing, albeit at a lower rate, as societies become more developed

(following an S-curve; as shown by path ‘B’ in Figure 6.12 below), which indicates that

Samoa’s material consumption is still likely to increase.

Even then, growth patterns will not necessarily behave linearly or follow a particular

curve; especially in a small and remote economy, economies of scale and other forcing

mechanisms may come into play. The availability of each resource type may change over

the years, as could demand for each resource. Predicted future issues include population

increases, urbanisation, land use changes, and inundation of some areas as the sea level

rises (these are discussed in further detail in Section 6.5.2); and there may be other trends

that have not yet been identified. Any predictive model developed using UM/MFA would

have to be either dynamic or based on data sets from at least two points in time, to allow

for trends to be revealed Giljum (2004). Still, knowing Samoa’s 2009 carrying capacity,

there are some aspects of Samoa’s future trajectory that can be discussed. Figure 6.12

shows four different development paths in terms of carrying capacity.

Water Systems

The first two development paths represent scenarios in which the carrying capacity is not

yet exceeded. Development path ‘A’ (Continuous growth) is not occurring in Samoa, as

carrying capacity does not appear to be growing exponentially in step with population or

demand in any of the metabolic categories. Development path ‘B’ most closely describes

the water category, with (more or less) a hard limit on the amount of this resource that

could ever be available locally, though methods of utilising the rainfall resource and

efficiency of distribution networks would factor into this limit.

As shown in Table 6.3, Samoa has such huge water potential that the carrying capacity

is a long way from 2009 consumption; at 51 Mt/year compared to groundwater recharge
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Figure 6.12: Schematic alternatives of population development; dotted lines represent
carrying capacity, solid lines represent population and economy. Source: Meadows et al.
(1992).

of over 4,000 Mt (as calculated in Section 6.1.2), the theoretical maximum is very far

away, thus the limiting factor is the ability of water infrastructure to capture, store, and

distribute this plentiful resource. If the infrastructure limitation is taken as the effective

carrying capacity (since this can be altered by infrastructure development, technology,

etc.), then Samoa’s consumption puts it towards the top of the curve, as capacity is more

or less equivalent to consumption; the centralised water supply is over capacity, but the

village groundwater supplies can provide as much as required, though both suffer from

quality issues under these high-demand conditions.



162
CHAPTER 6 ANALYSIS: SUSTAINABILITY ASSESSMENT & CARRYING

CAPACITY

Using water more efficiently (for example by reducing pipe losses from centralised

supply, and/or adding rainwater catchment to one in five buildings) could easily counteract

the increased demand from population growth until around 2030; faster growth, and/or

growth in demand would require acceleration of these improvements or need new water

infrastructure to be built to address the shortfall. As the carrying capacity is approached,

demand reduction is the most obvious strategy to avoid expensive additional infrastructure

(such as desalination plants, etc.). If, on the other hand, groundwater continues to be

a major source of household water supply whilst sanitation practices remain the same

as present, carrying capacity would reduce, and could potentially put Samoa’s water

metabolism onto development path ‘C’ (Overshoot and oscillation).

Food Systems

Samoa’s local food supply appears to be near the first hump on development path ‘C’

(Overshoot and oscillation), having overshot local carrying capacity by a small margin

(with 80% of inputs by mass, or 71% by energy, being locally-supplied). Before the taro

blight, imported food was a minor contributor to the food supply, and local production

supported a huge export industry (Figure 4.10); thus carrying capacity sat well above

consumption, and the food imports constituted items not available locally.

The dramatic impact on local production by the failure of taro crops reduced Samoa’s

food systems carrying capacity and, as the population continued to grow, carrying capacity

for this category was soon surpassed by demand. However, the ability to produce more

food locally is believed to be a realistic goal through the revitalisation of the agriculture

sector (Ministry of Agriculture and Fisheries, 2011), which would bring carrying capacity

back up towards demand.

On the other hand, it is conceivable that food demand could decrease, since Samoans

eat relatively a higher amount and may wish to address their obesity problems. Hence, for

the food category, the attenuating pattern over time appears to be appropriate, as per the

downward dip on path ‘C’ after the first large hump, where population and demand can

be reduced, and at the same time, carrying capacity can deteriorate but is recoverable

and can be increased from its background level. However, the fisheries component of

food systems may behave more like development path ‘D’ (Overshoot and collapse, where

carrying capacity deteriorates and cannot recover) if not tactfully managed, particularly for

migratory species that are shared with other countries’ exclusive economic zones (Samoa

Bureau of Statistics & UNDP, 2010).
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Energy Systems

Similarly, Samoa’s energy infrastructure systems are most likely on the first hump of

development path ‘C’, with the two main components of local energy supply in 2009 being

hydroelectric power and woodfuel, neither of which is adequate to satisfy demand. The

energy carrying capacity can be held steady if these resources are controlled sustainably,

but could decrease through overexploitation (such as cutting down too much wood and

leaving less to regenerate) or lack of maintenance (such as letting hydrodam reservoirs

silt up, as has happened in the past). However, the gap between demand and capacity

is substantially wider than for the food category (i.e. the vertical axis scale is larger),

as energy is supplied only 20% by local sources compared to 71% (by energy) for food

supply. Furthermore, contrarily to food consumption, energy demand is not likely to

reverse and dip back below supply, partly because present demand is so much higher than

supply, but also because, as discussed above, energy use (like materials use) is an aspect of

socio-economic development that seems to have no real consumption ceiling (unlike food

and water).

Hence, Samoa’s future energy supply is the most precarious of the metabolic categories:

it has three possible options. One is the current situation, with woodfuel and hydroelectric

power sustainably managed, which would maintain the local carrying capacity and keep

Samoa on the first hump of path ‘C’; the second possibility is poor management leading

to a reduction in the ability of these resources to continue the same level of supply – in

other words, a deterioration of carrying capacity, which would put Samoa onto path ‘D’.

From there, if fossil fuels proved difficult to source for any reason, consumption would

be forced to reduce in line with available supply. The third option is to fully implement

Samoa’s plans for renewable energy for both electricity and transportation purposes. This

will increase the local baseline carrying capacity, potentially bringing it closer to and

(eventually) possibly even equal to demand. At this point, if grown in step with population

and demand, the development path for the energy category could instead start to follow

the ‘A’ pattern.

Materials Systems

Lastly, the materials category could best be described by development path ‘D’. The

local materials supply consists mainly of wood, rock, coral, and sand. Other than wood,

the remaining resources are slow-renewing, so using them will reduce Samoa’s carrying

capacity, but they appear to be in relatively low demand compared to imported construction
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materials, so this reduction is probably happening very slowly if at all. Samoa’s forests

are still slowly recovering from heavier forestry activities in the 1980s, but old-growth

forests do not grow back in the same way; most of the forestry activities at present involve

plantations (Sesega, 2009). These could be managed sustainably and even intensified by

using locally-recycled biowastes as fertiliser (see Section 6.3.5).

Environmental stewardship should be a priority for the Samoan Government, to

address issues such as soil erosion, which would deplete the capabilities of the forestry and

agricultural sectors, thereby reducing the carrying capacities of the materials and food

systems (respectively), as well as protecting lagoons from pollution and mangroves from

being removed, both of which help to keep fisheries healthy and productive.

6.5.2 Future Growth

It is also worth considering how rapidly Samoa is growing. Samoa’s population growth has

been about 0.6%/year for the past century; the natural birth rate is approximately 1%/year,

and the migration rate is around 0.4%/year (Samoa Bureau of Statistics, 2006; CIA, 2011).

Tourism grew at 5.8%/year between 2000 and 2009 (Samoa Bureau of Statistics, 2011b).

Starting from these business-as-usual (BAU) growth rates, three possible routes for Samoa’s

future growth are visualised in Figures 6.13 and 6.14: BAU (the middle route), higher

growth, and lower growth. In addition, carrying capacities (as horizontal lines referring to

population, as listed in Table 6.3) are shown for reference.

The manifestations of these growth scenarios, and the implications, are explored below

as thought experiments.

Samoa’s Path to 2050: Business-As-Usual

The BAU route simply carries forward the existing growth rates for local and tourist

population (shown individually in mid-grey and light grey, respectively, and as total

equivalent population, in dark grey). This assumes that there will be no major socio-

economic changes affecting population growth in the long-term, and results in a total

equivalent population of approximately 225,000 by the year 2030, increasing to ∼275,000

by 2050. In this case, the issues the Samoan authorities are likely to face are those outlined

in Sections 6.3 to 6.3.9, and the carrying capacities are as described in Section 6.4.

With existing infrastructure systems, Samoa is capable of locally supplying water

to a developing-country level until approximately 2023 and food at developing-country
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Figure 6.13: Samoa’s population growth, 2009-2050, against production levels for Energy
and Water: Local population growth (mid-grey lines, at 0.2%/year, 0.6%/year, and 1%/year
for low, BAU, and high growth, respectively), starting from a population of 184,100 in
2009; and tourist population growth (light grey lines lines, at 2%/year, 5.8%/year, and
9%/year for low, BAU, and high growth, respectively), starting from a population of 5,174
in 2009 (in equivalent tourist-years); and total equivalent population (dark grey lines).

levels until ∼2032. Samoa’s potential infrastructure (based on planned projects and easily-

enactable improvements) could supply water locally at 2009 consumption levels until

2037, or at developing-country levels until 2047. All possible energy supply levels are

substantially below demand. Existing materials supply (to developing-country levels) will

be exceeded in 2047; potential materials supply to the same consumption level will likely

be exceeded in the following decade.

Samoa’s Path to 2050: Low-Growth Scenario

The lower growth route imagines that climate change and sea level rise take a toll on

Samoa’s agricultural productivity, reclaiming coastal land and increasing villages’ exposure
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Figure 6.14: Samoa’s population growth, 2009-2050, against production levels for Food and
Materials: Local population growth (mid-grey lines, at 0.2%/year, 0.6%/year, and 1%/year
for low, BAU, and high growth, respectively), starting from a population of 184,100 in
2009; and tourist population growth (light grey lines lines, at 2%/year, 5.8%/year, and
9%/year for low, BAU, and high growth, respectively), starting from a population of 5,174
in 2009 (in equivalent tourist-years); and total equivalent population (dark grey lines).

to storm surges and king tides. This has killed many mangrove forests which acted

as fish nurseries, reducing the local fish populations; overfishing has also reduced fish

numbers, particularly the tuna species which were Samoa’s primary export, which has

had trickle-down effects on the marine biodiversity and allowed pest species to proliferate.

Crops and livestock suffer the effects of higher temperatures and longer dry periods, and

soil erosion increases with the heavier rainfall that results from less-frequent precipitation.

Another effect of less rainfall (in both volume and frequency) is that the groundwater

contamination grows more concentrated between rain events when it is again diluted, and

saltwater intrusion into the groundwater supply has ruined many villages’ primary water

source. As a result of climbing oil prices, ageing diesel generators becoming less reliable,

and lack of investment in renewable energy supply, Samoa’s energy sector is overloaded
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and suffers frequent brown-outs. The rapid urbanisation caused by people leaving their

villages for the better work opportunities of Apia has worsened the load on infrastructure

there, which has not been upgraded in step with population increase. These issues have

adversely affected both the industrial sector and exports, and stifled Samoa’s economy,

increasing the country’s reliance on overseas remittances.

Consequently, the migration rate has doubled to 0.8%/year as Samoans seek to find

a better lifestyle and better economic opportunities overseas, reducing Samoa’s total

population growth to 0.2%/year. In particular, those who have left are those most likely

to find a good job elsewhere: the younger, university-educated professionals. This has

acted as a positive feedback loop, reducing the tax base and thus the economic basis

for maintenance of the infrastructure networks, and limiting the ability to fund future

development. This has also greatly reduced tourism growth, though this sector has not

fully crashed as some enterprising locals have focussed on eco-tourism, making a feature out

of having minimal electricity and using rainwater catchment to reduce their dependence

on decaying and increasingly unaffordable centralised supply. This low-impact approach

has resonated with foreigners and provides a steady, but limited, income stream, and has

kept tourist numbers growing slowly, at approximately 2%/year. The total equivalent

population in 2030 is barely 200,000, and by 2050, less than 210,000.

In these conditions, Samoa will exceed the potential local capacity for food supply

to a developed-country demand level in 2025, though the potential to supply food to a

developing-country level will still be far off. Indeed, Samoa’s existing food supply systems

would be adequate for developing-country level until well past 2050. Existing and potential

local materials supply to developing-country consumption levels are much higher than

demand. Again, all possible energy supply levels are far lower than consumption.

Samoa’s Path to 2050: High-Growth Scenario

The higher growth route envisages that Samoa’s agricultural sector is revitalised by the

unique opportunities of growing highly-valued exports, such as organic tropical produce,

noni juice, and Samoan cocoa, which has increased local expertise in horticulture and

allowed sustainable intensification of agriculture to the point of earning substantial export

revenues whilst being locally self-sufficient in the crops that Samoans prefer to consume.

Though population has grown rapidly, agricultural capacity has grown with it, making use

of fallow land, growing compatible fruit trees within open secondary forest, developing

appropriate aquaculture, and converting a large proportion of less-productive livestock

pasture to tiered cropping. Organic cropping practices have enabled better use of organic
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waste, greatly extending the lifespan of the landfill, and reduced groundwater contamination

by pesticides, nitrates, and biological contaminants, as well as slowing soil erosion.

Further to this strategy, Samoa’s Ministry for Agriculture (MAF) selectively encourages

(by providing knowledge and technical support, as well as initial seed subsidies) cultivation

of crops that do well in the climate change that has eventuated: crops that are capable

of withstanding frequent droughts, can quickly regrow after stronger and more frequent

cyclones, thrive in warmer temperatures, and, in coastal areas, crops that can deal with

being doused in salt from time to time. As a result of the Government’s successful

campaign to reduce demand for imported foods, which were mainly meat or highly

processed, Samoans are healthier and less prone to obesity, and thus are working longer

and require less intervention by the public health system, meaning a bigger tax base and

less demand on the public purse.

Although many coastal mangroves have been suffocated by sea level rise, mangrove

forests were planted and protected further inland as soon as the encroaching sea meant that

they could survive there, and they have acted as a buffer to tsunamis, king tides, and storm

surges, and helped reduced coastal erosion in these areas. Engineered seawalls have been

built behind the mangroves in more populated areas. Villages have slowly been relocating

inland and reforesting the land they left behind, as a further protection from the sea and

to supply wood in the future. Although saltwater intrusion has made coastal groundwater

undrinkable in many places, rainwater catchment and centralised supply constitute the vast

majority of water supply, with groundwater only used for non-drinking purposes. Because

it is still an important supplement to the total water supply, groundwater contamination

has been addressed by the Government, and composting toilets are slowly becoming the

norm, with the by-product collected frequently by MAF who treats it to produce compost

and biogas.

Traditional building designs have made a come-back, and have reduced the cost of

construction and the cost of rebuilding after cyclones. The Government’s investment

in renewable energy sources (some in public-private partnerships, some as loans from

development agencies) have paid off, with all Samoans having access to reliable, affordable

electricity, which in turn has increased industrial activity. Locally-produced biofuels have

reduced the dependence on increasingly expensive diesel, and are a high-value export in

themselves, Samoa having become a regional leader in this industry via the development

of the physical infrastructure and technical knowledge.

In this high-growth scenario, Samoa’s rapidly developing economy has reduced its

dependence on overseas remittances, which now make up a declining proportion of its
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GDP. The increased export capabilities and industrial productivity have supported further

investment in infrastructure development. The growing economy has led to greater diversity

of resource flows, more resilience, more confidence from both locals and foreign investors,

and thus more capital investment. The migration rate has reduced to 0.1%/year, and

because of the buoyant economy and high living standards, some Samoan expatriates

have begun returning to permanently resettle at a rate of 0.1%/year, causing the overall

growth rate to hover at 1%/year. The tourism industry is booming, with both luxury and

eco-tourists alike finding something to like about Samoa, causing tourist numbers to grow

at a consistent 9%/year. The total equivalent population in this scenario is 260,000 in

2030, and 450,000 in 2050.

This high-growth route would exceed existing local supply for water, food, and materials

to developing-country levels in 2019, 2023, and 2033, respectively, and would exceed

potential local supply for water, food, and materials to developing-country levels in 2033,

2035, and 2038, respectively. Samoa’s 2009 consumption level could be supplied by the

potential water supply until 2027.

These two latter scenarios (low and high) are somewhat extreme, and neither is highly

likely in themselves; they envision some of the possibilities that may evolve in Samoa’s

future societal metabolism, and the eventual reality is likely to contain some number

of effects from all three scenarios. These futures are equally likely, given the factors at

play: historically high emigration, climate change, a developing economy, etc. The most

interesting result from this thought experiment is that both scenarios experience positive

feedback from the repercussions of a declining or growing economy and population base.

6.5.3 Qualitative Factors

As has been discussed throughout Chapters 5 and 6, the results of this study are highly

situational. The analysis is incomplete without discussion of social, economic, political,

and other qualitative factors, to provide context in interpreting the results. Geographically,

there are necessarily differences that make it difficult – even arbitrary – to compare

locations directly. In fact, it is unlikely that all locations will have a similar sustainability

endpoint, or level at which consumption of metabolic goods becomes steady. Some of

these differences may be explained by geography; for example, the colder winters in higher

latitudes mean that there will necessarily be more energy consumption for heating in these

areas.

Many differences may also be explained by social, cultural, or political differences.
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For example, as discussed in Section 5.2.3, Samoans eat substantially more than even

developed countries, where better economic means would imply that if more food were

required or desired, it would simply be purchased, increasingly with increasing income.

That this does not occur in wealthier countries beyond a certain locally-determined amount

is a strong indication that there are some things that can simply not be explained in a

purely biophysical sense, i.e. that beyond a comfortable level up to which humans (so long

as they have the means) choose to consume, cultural (and likely other) factors become

highly significant in determining consumptive needs. This is reflected in Samoa’s obesity

statistics, as discussed in Section 6.3.1.

This reveals the unexpectedly prominent role of non-quantitative (qualitative) factors

in the characteristics of a societal metabolism. Continuing the above example, whilst

people consume roughly the same basic amount of food to survive (individual metabolic

differences notwithstanding), caloric intake by country varies widely, due to both economic

capabilities (which generally affect developing countries, to a point) and the substantial

cultural role of food, in both quantity and type. For example, some countries – such as

Samoa – favour fatty foods and carbohydrates (and social status is conferred by supplying

and consuming large amounts; Ministry of Agriculture & Fisheries & Samoa Bureau of

Statistics, 2012), whereas other cultures – such as Japanese – prefer simpler vegetable

dishes (and commonly choose smaller servings for health reasons; Sipos & Foster, 1992),

and others still – such as Argentinian – favour proteins (Sans & Combris, 2015). This, of

course, will affect what the food category is composed of, and how much (in terms of both

mass and energy) will be required for each of these societies.

Similarly, even such minor cultural differences as the preference for baths over showers,

or bathing frequency, and the prevalence of kitchen gardens and accepted irrigation

methods, can add up to major differences in the amount of water used by a society; even

demographics can affect resource use. Knowing the causes for these differences does not

make their existence any less meaningful; it simply acknowledges that the goalposts of

sustainability will likely be different for each society. By this line of reasoning, the ability

of a country to locally supply anything more than the very most basic amounts for survival

could therefore be considered a success.

Qualitative factors that affect societal metabolism include, but are not limited to:

culture, such as work ethic, strength of community ties, social and religious attitudes,

and sense of social obligation; economics, such as the presence of subsistence agriculture,

types of industries, and market forces and trends; geography, such as climate and soil

quality; political, such as ideology, regime, presence of sanctions, and ease of instigating
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infrastructure development; and demographics, for example the age breakdown of a

population.

6.6 Methodology Assessment

6.6.1 Data Collection

Seeing as lack of data was the main reason for abandoning the dynamic modelling described

in Section 4.4.3, and given the probably monumental effort and expense that would be

required for a perfectly complete data set for a given location, it is worth asking what value

would this have, and which aspects of the societal metabolism would benefit the most from

better data collection? The answers would likely vary by location, depending on what

is already being collected in the location in question. For Samoa, the biggest gains are

probably in the energy and materials sectors, where the majority of societal need is met

by imports. In particular, it would be useful to know more about the local construction

industry, as there is almost no information on use of local building materials such as rock,

coral, sand, wood, and palm leaves to construct traditional fale. Measuring the amount of

local materials used for informal building and repairs would allow comparison of imported

construction materials with those locally-sourced, and elucidate the largest single material

category in the entire economy. In addition, many produced goods are accounted by SBS

by their practical units, i.e. pairs for shoes, area for fabrics and tiles etc., however this

is difficult (if not completely useless) for the purposes of calculating societal metabolism.

Weighing the goods as they come in or requiring this information as part of the Customs

declaration would prove useful in improving the accuracy of accounting for the societal

metabolism. And, since this disproportionately affects the materials category, which was

the least sustainable of the four major mass goods categories, this would improve the

estimate of the true carrying capacity of Samoa.

That said, perhaps the biggest potential gains in improving the proportion of local

versus imported supply arises in the energy sector. Energy is poorly served by local

sources, but the surrounding sea and barren areas of lava flow offer ample development for

renewables, such as wave energy, OTEC, tidal energy (possibly in the channel between the

two main islands), on-shore or off-shore wind power, or solar. Data supporting the energy

potential of these technologies would help to support the case for improving local supply

of energy and thereby demonstrating the increase in carrying capacity from an energy

perspective.
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A complete set of data would allow the completion of the dynamic model, which would

then allow predictive functionality; this could include extending the societal metabolism

model to socio-economic institutions (i.e. social infrastructure), all natural flows (not just

those inside the anthroposphere) and ecosystem services, e.g. pollination. For example,

carbon dioxide accumulated in soils is a natural process crucial to understanding emissions

status and soil health. This being on the boundary of human and natural systems, it could

be considered in future expansion of the model, data permitting.

6.6.2 Adaptability of Methodology

The objective behind the model developed for this research was to find a method for

assessing sustainability potential and developing infrastructure to support a sustainable

lifestyle for any SIDS, or even any region or country. The resulting model has been used

to calculate societal metabolism for Samoa as a case study, however in order to be useful

to different sites it must be easily adaptable. The transparent nature of the infrastructure

subsystem divisions were designed to aid in adaptation; with the right data, a similar

model could be created for any area of interest.

Specific resource flows may be quite different from place to place. For example, Samoa’s

centralised water supply is not dependent on electricity supply because it is completely

gravity-fed, by virtue of the islands’ geography of mountainous interiors and the population

living mainly on the low-lying coastal areas. In other locations this non-powered system

would be impossible and some degree of pumping would be required. Characterising the

resource flows thus depends on exact conditions within the system and offers a degree of

insight into the peculiarities of the system; this in turn becomes the method for identifying

how the system can be made more efficient.

Other quirks, such as the Samoan materials industries’ feedstock being completely

organic in nature, meant that waste characterisation in this case was much simpler.

Additionally, Samoa has a relatively low level of agricultural mechanisation, meaning

there is almost no consumption of energy by farming practices, which is unlikely to be

the case for most countries. For example, in industrialised countries, higher energy and

water inputs to agriculture will be offset by higher food outputs. These characteristics will

not be applicable to every location and thus a thorough understanding of the appropriate

socio-technical aspects of the study area, and data to back up any assumptions, would be

necessary before attempting a similar model for another location.

Although this study takes on a degree of abstraction in ignoring the technological
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aspect of sustainability, this means it has the advantage of neither being bound by present

technology nor relying on difficult and unreliable predictions about future technological

developments. Yet without tackling the impossible task of predicting every potential

over-the-horizon technology, conclusions of future sustainability using specific technologies

cannot accurately be included in any scenario analysis. The usefulness of a quantitative

assessment of sustainability is limited by the technologies which can make use of the

resources being quantified. For example, the full measurement of solar energy in a given

area calculated could only be exploited if all of it were covered in 100% efficient solar

panels – a technology unlikely to ever be developed, even if people were comfortable with

giving over all of their surface area for power generation – or perhaps if large offshore

areas were set aside for floating solar panels. As with any type of scenario analysis, there

was an unavoidable level of uncertainty arising from the unpredictability of legislative,

economic, and technological changes Johnson and Chertow (2009). These changes are a

normal component of any society and cannot be avoided or accounted for.

Some form of risk measurement and management may be useful as an additional

analysis in conjunction with the methodology of this research. However, due to the

inherent difficulty of gelling qualitative factors with quantitative, it is not a simple question

of building resilience and happiness aspects into the societal metabolism model discussed

here. As has already been noted, the qualitative aspects provide a background and context

into which to interpret the quantitative results and determine the most appropriate course

of action.

6.6.3 Applications

As mentioned in Section 1.4, a small island is an ideal unit on which to test the concept

of a societal metabolism framework. Of course, although the precise applicability of this

methodology cannot be tested without performing the same analysis on other locations,

that was necessarily outside the scope of this research. Based on the general characteristics

of locations significantly different to Samoa, however, it is possible to conduct thought

experiments to imagine what this methodology might yield from the study of other

locations.

Firstly, consider a location such as Dubai, or Qatar. Almost the polar opposite of

Samoa, these countries are very rich but they have poor growing conditions: being mainly

desert, they have very arid environments with extreme temperature ranges; as such, they

produce almost no food locally (90% is imported; Al-Kandari & Jukes, 2011), and water is
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very scarce, though they have a fully local supply of energy. Their economic wealth allows

these places to exist at a now very high standard of living (UNDP, 2010), by importing the

food and other mass goods required, i.e. substituting financial means (economic resilience)

for environmental resilience. Interestingly, in this case their extremely cheap energy supply

allows energy to substitute for water via desalination plants (which use a lot of energy

and produce extremely saline water, toxic to most marine life), bringing about another

oddity: that local production is therefore not automatically or inherently sustainable in

the normal sense (that of intergenerational justice, as per Brundtland, 1987), because fossil

fuels are a resource that will run out at some point and are contributing to the detriment

of a key natural system on which all living things depend, the climate. These countries’

oil wealth provides one sphere of sustainability but their resilience is low, as this strong

economic position is essentially dependent on a single income stream. This dependence

puts those countries in a precarious position. Money provides a level of resilience in the

same way that local production of food might, but from a resilience perspective it is clearly

preferable to have a balance of both, in case one becomes unreliable.

London is likewise a wealthy city but, being surrounded by productive land rather

than desert means that London (or England, as a whole) has a much higher level of

resilience than either Dubai or Samoa. In this case, water is not desalinated but reused

from wastewater via the same method of reverse osmosis, still an expensive supply route,

but less polluting than desalinisation. The question then becomes where should the

geographic system boundaries lie? At country borders, around islands, or something more

meaningful, like the distance at which shipping goods (even within the same country, as

countries naturally they vary in size substantially) becomes unsustainable relative to the

sustainability of producing the goods themselves? This research used an island nation

for ease of data collection, as estimating the sustainability of shipping and individual

products was outside the scope, but these aspects may well be appropriate for applying

the methodology in other places.

Looking at resilience as a systemic ability to withstand obstacles and shocks, one way

of doing so is by reducing the risk of encountering shocks or obstacles. The applicability of

carrying capacity as a metric depends on how shipping goods in from overseas compares

with local production – if unsustainable practices are required to provide for the whole

population locally, but more sustainably (or more reliably) produced goods are available

from overseas (including accounting for the resource use and emissions associated with

shipping), it may in fact be more sustainable (and/or a better use of resources) to instead

increase the amount of imported goods.
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This harks back to one of the sustainability benchmarks discussed in Section 1.3.3 as

proposed by Baccini (1997), wherein it was suggested that a system could be said to be

sustainable if 80% of its mass goods were sourced locally. This engagement with/reliance

on international trade balanced against self-sufficiency could be seen as an alternative to a

pure carrying capacity approach that acknowledges the complexity of sustainability, and

the importance of resilience. The benefit of this model, in addition to all the usual gains

of trade, is that during natural disasters (of the variety that SIDS experience with some

frequency, such as tsunamis or cyclones), an existing network of suppliers is likely to bring

in emergency goods and later re-establish normal economic activity than one which is

nascent as a result of the event.

6.6.4 Boundary Setting

System boundaries in UM and MFA are often somewhat arbitrary, which does not normally

matter overly much as these studies are purely theoretical, thus there is no way of knowing

how effective they are; they are intended to give a relative idea of resource flows and

consumption patterns to decision-makers. In previous UM and MFA studies, boundaries

have often been set according to data availability rather than in useful or practical places for

planning purposes. The system boundaries developed by this research are novel in that they

carefully bisect the human and natural spheres according to the most relevant information

for determining societal metabolism. For example, the classification of rainwater as

surface water, surface water diverted for hydropower, surface runoff, evapotranspiration,

and groundwater recharge, reflecting natural and anthropogenic roles; or the division of

agricultural produce into crops harvested, green waste (itself split into flows according to

their various fates), and animal feed (as related in Section 4.1.4).

The breakdown of infrastructure supply systems will be broadly similar for diverse

locations, using the anthropospheric basic-needs approach proposed by this methodology.

From this anthropocentric perspective, in which the world is divided into things humans

use or consume and things we do not, there are major differences between things like soil,

stone, rice, fish, and excrement. There is also an economic difference, for example between

diamond and graphite, alumina and sapphire, or the returns from sheep farming versus

dairy farming (depending, of course, on location). However, from a chemical perspective,

these things are very similar: all are mainly composed of carbon, and contain differing

proportions of hydrogen, oxygen, nitrogen, phosphorus, and other trace elements. Although

when accounting for resources, we may differentiate between a timber production forest

and the total soil mass an area contains, there is cohesion and often an overlap between the
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two. This is true of any natural resources, including food, but also affects manufactured

fertilisers (since they are applied to agricultural systems and become part of the biomass

of that system), and is also true of fossil fuels (since they are made of transformed biomass,

and once burnt become inputs for photosynthetic organisms) and human and animal waste

(since these can be reused or recycled as valuable nutrient inputs into agriculture).

The similar chemical compositions of the anthropogenic groupings of biomass, timber,

food, fossil fuels, fertilisers, BOD5, and so on means it may be desirable to break the

resource flows down further into tonnes of carbon, hydrogen, nitrogen, phosphorus, or

oxygen, or even embodied energy (joules per kilo, for example). While there may be merit

to using any or all of these functional units (in this case it would become a material flow

analysis for each element involved) if such a fine level of granularity is required, the focus

of urban metabolism (and in the wider sense, of sustainability) is on fulfilling human needs.

Due to the importance of all the resources mentioned above in maintaining quality of life,

an attempt to perform societal metabolism using a ‘building blocks of life’ approach would

definitely need to take all four metabolic mass goods into consideration, and may need to

consider the role of minor elements which account for small portions of mass flux but have

substantial effects on human health (such as iron or zinc).

It is sometimes difficult to draw a line between what is anthropogenic and what is

natural. For example, sunlight is clearly a natural resource until it becomes an integral

part of agriculture, and is used in solar panels to generate power, at which point it becomes

part of the anthropogenic system. Furthermore, there is a crossover between energy and

physical units for items of nutritional value, such as food, animal feed, and fertilisers.

Food and animal feed are physical inputs, but also have an energy value. Food is more

important as a basic need supersedes its state as physical material, hence it is separated

into Food supply from Materials supply, and in the analysis of carrying capacity, swaps its

units from t to GJ. On the other hand, fertilisers are counted as materials, even though

their primary purpose is to ‘feed’ vegetation, providing it (and eventually humans) with

the chemical energy needed to function and grow. A combinational functional unit could

provide a solution to these issues, however a convolution of units can easily lose its basis

in reality. Therefore any development of a combined unit should be approached with care.

6.7 Summary

Samoa is currently sustainable only in its water supply, though food supply is not too far

off being sustainable. Samoa’s carrying capacity in 2009 was 13,514 people, constricted



6.7. SUMMARY 177

by the supply of materials (excluding CO2). Current local production could supply many

more people in all categories by improving efficiency of use or by reducing demand. The

most obvious categories in which to increase local supply for Samoa are in food, energy,

and construction materials; this is similar to the recommendations from a MFA for Oahu,

Hawai’i (Eckelman & Chertow, 2009), which advocate import substitution, resource re-

utilisation, and legislative progress to address waste management. Such results imply this

may be common amongst SIDS, and could be an area for future study.

Carrying capacity and resilience are critical aspects of sustainability. Via the method-

ology developed in this research, the ways in which Samoa’s infrastructure subsystems

function individually and as a whole were revealed, along with their interdependencies and

the relative proportions of local and imported goods, by metabolic category. Quantification

of these issues and elucidation of the subsystems making up the infrastructure systems

provide additional information through which planning authorities have the means to

be more selective and strategic about the action they take and investment they make.

Essentially, it comes down to quantifying and managing risk; striking a balance between

the different types of resilience to form a stronger, holistic, societal sustainability. This

methodology has been proven useful in assessing carrying capacity and judging the efficacy

of Samoa’s future infrastructure development in moving towards sustainability. More

generally, it has also been shown that qualitative factors contribute highly to interpreting

the results of societal metabolism.
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Chapter 7

Conclusions

7.1 Key Findings

7.1.1 Contributions

This research has achieved the following original contributions:

1. Novel methodology: Development of a holistic, adaptive, needs-based anthro-

pogenic framework to characterise a societal metabolism’s formal and informal

infrastructure systems and resource flows, based on industrial ecology principles but

capturing substantially more detail than the established methodologies of UM and

MFA. The model developed in this research was used to determine the carrying

capacity of a society and therefore how self-sufficient or sustainable it is, and where

targeted infrastructure development (in most cases, as outlined by the Samoan

Government) would make the most difference to sustainable operation. This model

was tested as a proof-of-concept with a case study SIDS (Samoa).

(a) Hybridising UM and MFA, to include the most useful aspects of both. The

metrics used allow results to be comparative to other areas or societies, making

results easy to understand (as per UM studies), and the differentiation between

inputs and consumption (as per MFA) provides a richer level of detail and

enables deeper analysis.

(b) Refinement of UM and MFA system boundaries for use in societal metabolism.

Boundaries are well defined compared to traditional UM and MFA; this means

the analysis conveys substantially more information than UM or MFA indi-
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vidually, as follows: includes extra-urban or rural areas; human-needs focus

enables supply and demand analysis via carrying capacity; and clearly defines

the boundary between the anthroposphere and natural systems.

(c) Useful subdivision and envisioning of infrastructure subsystems and measure-

ment of their interdependency. Allows identification and quantification of

system losses and accumulation, and development of Sankey and analytical

graphics (in the tradition of MFA) as a simple visual snapshot of the societal

metabolism. Interdependencies between infrastructure systems are identified

and quantified for the first time.

(d) Groundwork was established on how to introduce dynamic capability for this

type of analysis. Though the software model was not successful, valuable

lessons were learned in the attempt, including the importance of floating point

number precision limits, level of abstraction, parameter flexibility, and managing

feedback loops. It is suggested that object-oriented programming may be a

useful method of developing such a model in future.

2. Societal metabolism characterisation: A complete picture of the 2009 societal

metabolism of Samoa. This may be of value to the Samoan authorities, as well as

other UM and MFA researchers in a comparative context. Whilst the results yielded

from this analysis may broadly have been correctly assumed from a superficial reading

of the state of Samoa’s infrastructure and some contextual background, the specific

quantitative information on consumption, carrying capacity, and sustainability

gained from this research could not have been obtained without a full analysis. These

results provide clear numerical data to support the evaluation of the effectiveness of

infrastructure development, whether currently planned or in the process of being

planned.

3. Sustainability assessment: A complete carrying capacity assessment for Samoa

(which is determined as being not sustainable at present, due to materials consumption

far outstripping local production of materials). Differentiation was made between

local and imported goods, and potential development plans were analysed, indicating

Samoa’s level of current and future sustainability. Carrying capacity scenarios were

investigated, examining when and where sustainability could be achieved for Samoa

based on various levels of supply and demand.



7.1. KEY FINDINGS 181

7.1.2 Samoa’s Societal Metabolism

Food Systems

Food consumption in Samoa (2.5 kg/capita/day, or 3,680 kcal/capita/day) was very high

compared to other places studied around the world, probably more due to cultural factors

than anything else, but indicates that Samoa’s level of food consumption is only sustainable

so long as Samoans are comfortable with the prospect of obesity. This result was surprising

but indicates the strong influence of qualitative factors on the characteristics of a society’s

metabolism. Samoa’s food supply is not far off sustainable; it is currently 79.1% locally

supplied by mass, or 71.1% by energy, despite the trend towards increasing consumption

of imported processed foods. 27% of food is lost as waste, but 85% of this is reused as

animal feed.

Local food production could be increased by existing Government plans, mainly through

reviving fallow land and converting 7,800 hectares of other land-use types to agriculture,

to double the amount of land under mixed cropping, which would provide additional

feedstock for local processing activities and exports and allow substitution of local produce

for imported food. This would increase food supply by approximately 18,500 t/year, with

a food energy value of almost 120,000 GJ/year. This new capacity would bring local

supply up to 104% of 2009 consumption demand, meaning total local sustainability would

be possible, and there would be a small amount of additional slack in supply to allow

for future population growth. Further, if Samoa were to implement their Government’s

agricultural plans, and if demand could be reduced to the level recommended for long-term

sustainability (see Section 6.3.6), carrying capacity via food supply (in terms of energy)

could be increased to over 230,000 people; this would allow fully local supply until 2030 at

Samoa’s average 20th-century growth rate of 1%. This would also go some way towards

addressing the obesity issues that Samoa currently faces.

Water Systems

Water should be Samoa’s area of least concern. Samoa is currently fully sustainable in

its water supply, due to the high rainfall and porous soils giving plentiful recharge to

groundwater. Samoa’s water recharge is substantially higher than consumption; at 51

Mt/year compared to groundwater recharge of over 4,000 Mt (as calculated in Section 6.1.2),

the theoretical maximum is very far away. However infrastructure for capture, storage, and

distribution needs to be developed in order to increase consumption of this resource (as
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the population grows, or should per-capita consumption increase). Groundwater quality,

however, may continue to be an issue due to leaking septic tanks and sea level rise, causing

saltwater intrusion. Groundwater should be considered a last-resort due to the likelihood

of contamination; rainwater catchment and storage could easily replace groundwater to

fully meet 2009-level demand (187 m3/capita/year) long into the future if just 20% of

buildings had proper guttering and first-flush mechanisms for biological safety.

Samoa’s water consumption sits higher than the average developing country, though

well below the SIDS average and less than half the developed countries’ average, suggested

moderate usage. This is surprising considering that Samoa’s water input was relatively

high compared to other locations (271 m3/capita/year), and implies that water supply only

needs to be so high because of the large proportion of distribution losses. Thus, reducing

pipe losses would bring Samoa into line with other, similar countries, and would appear to

be more of a sustainable level of consumption. Small efficiency gains, such as reducing

the prevalence of leaky water pipes by 25%, and increasing capacity for decentralised

water supply, such as installing guttering on 20% of buildings (with a preference for those

with roofs made from materials other than thatch), could raise Samoa’s surface water

supply by over 15 million m3/year relative to 2009 input of 51 million m3/year; at 2009’s

(comparatively high) consumption, this would increase Samoa’s carrying capacity via water

supply by over 50,000 people from the 2009 total equivalent population of ∼189,000.

Energy Systems

Samoa’s energy consumption is comparatively low, at 7.5 GJ/capita/year, even lower

than other SIDS and average developing countries; the climatic component here may

be a factor, in that the tropical temperature range allows unheated housing, which is

often a major contributor to energy demand in developed countries. This suggests that

energy consumption has a large latent growth capacity, which will come into play when

energy becomes more available and more affordable, indicating that authorities should

plan carefully for demand to increase rapidly in step with expansion of supply.

Energy supply is also very unsustainable at present; only 21% of input, at 20.8

GJ/capita/year (though almost half of demand), comes from local sources, these being

hydropower generation on ‘Upolu and woodfuel for cooking. Samoa’s energy carrying

capacity can be held steady if these resources are controlled sustainably, but could

decrease through overexploitation (such as cutting down too much wood and leaving less

to regenerate) or lack of maintenance (such as letting hydrodam reservoirs silt up, as has

happened in the past). Hence, Samoa’s future energy supply is the most precarious of the
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metabolic categories. Due to a high level of dependence on antiquated diesel generators

for the majority of their electricity, Samoa’s overall energy efficiency is only 36%.

Plans to develop renewable power generation, such as hydropower, wind turbines,

and locally-produced biofuels, as well as small demand reductions in electricity and

transportation, would more than double current local energy production, increasing the

local supply proportion to 100% of 2009 consumption at 80% efficiency (a figure which

is unattainable for diesel generators but realistic for renewables). This level is still not

sustainable by the definition of carrying capacity, but is much improved compared to

current supply, and would aid building resilience into the system. Data supporting the

energy potential of these technologies would help to support the case for improving local

supply of energy and thereby demonstrating the increase in carrying capacity from an

energy perspective.

Materials Systems

Materials consumption is the least sustainable aspect of Samoa’s societal metabolism,

responsible for Samoa’s 2009 assessed carrying capacity of just 13,514 people (representing

7.1% of the materials it uses being produced locally, excluding CO2). If CO2 is included,

Samoa’s local supply of materials (including non-utilised vegetation) is 49.3% of consump-

tion – the second-lowest, after energy supply – though materials had the highest efficiency

of use of all metabolic categories, including or excluding CO2 (97% and 95%, respectively).

Samoa’s materials demand (13.4 t/capita/year) is more typical of the level of a developing

country, as is the level of mass accumulation in the system (13.0 t/capita/year, almost

equivalent to materials consumption). This is probably due to the lack of manufacturing

on the island and high uptake of ‘Western’ goods, especially non-traditional construction

materials (concrete, iron roofing, etc.), household furnishings, and electronics.

Samoa’s very high dependence on imported materials, combined with relatively higher

materials consumption, suggests an unsustainable level of demand, though due to lack

of local industry, there is no simple way to address this other than by the possibility of

substituting local construction materials for imported. Higher use of locally-produced

construction materials, such as wood, copra, sand, dead coral, and rock, could be increased;

as an estimate, if local materials were used to substitute for just 10% of imported

construction materials, and all current exports were instead used locally, at 2009 efficiency

levels, local supply proportions would only rise to 17% (excluding CO2) or 55% (including

CO2).
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Material production (other than construction materials) cannot be easily remedied, as

there are so few industries on Samoa and their viability is governed by economic factors.

The role of shipping is also unclear; there may be more resilience in local production,

less affected by global market forces and factors beyond the consumers’ control, but

contradictorily, it may be more resilient to keep production of useful goods offshore and

out of reach of the tropical cyclones that SIDS are frequently subject to. Determining

the relative influence of these factors was outside the scope of this research, but is an

attenuating balance to keep in mind in interpreting the results.

Overview

Samoa’s calculated 2009 carrying capacity of 13,514 people translates to a population

density of 4.8 people per km2, or 0.2 km2 per person. This is Samoa’s 2009 local supply

rate of non-CO2 materials at 2009 consumption levels, which is the limiting factor for the

societal metabolism’s carrying capacity. The purpose of knowing a place’s carrying capacity

is mainly for the sake of knowing how dependent it is on outside support from a purely

human-needs basis, economics notwithstanding, and for planning infrastructure to provide

adequate supply of the basic mass goods required by the population to maintain their

standards of living. Carrying capacity is an artefact of culture and geography as much as

it is of absolute population. At long-term historical growth rates, Samoa’s total equivalent

population will be approximately 225,000 by the year 2030, increasing to ∼275,000 by

2050.

As discussed in Section 6.5, there is no single specific endgame for sustainability; this

methodology represents a tool to help understand a given society’s ways and means, how

the needs of the population are provided for, and where its dependencies and vulnerabilities

are, to support development of infrastructure for sustainability. Samoa is currently close

to achieving SDGs 1, 2, 10. If planned projects related to societal metabolism are fully

enacted and implemented, it will be working towards all but SDG 16 (which, being a purely

social goal, is outside the scope of this research). Furthermore, the undeniable importance

of social and economic components (qualitative factors) to quantitative sustainability has

been underscored by this research.

Characterising the resource flows depends on exact conditions within the system and

offers a degree of insight into the peculiarities of the system; this in turn becomes the

method for identifying how the system can be made more efficient. In the case of Samoa,

which is less well-off economically relative to the global continuum, but which pursues a

Western lifestyle as is the tendency for developing countries, the most basic needs of the
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local population are fairly well met by local supplies: essentially all of the water needs,

and roughly three quarters of the food intake is produced in Samoa itself. For energy

and materials, more correlated with living standards and thus less life-critical, Samoa’s

local carrying capacity is much lower; these goods are more closely related to the state

of the economy, both local and global, because Samoa’s major trade partners are distant

and substantially bigger. Therefore, if the Samoan government wishes to strategically

reduce economic dependence on outside support, but with minimal compromise of the

living standards to which Samoans are accustomed, they should look at the subsystems

within energy and materials supply (in particular, at renewable energy sources and locally-

produced construction materials) to assess where infrastructure development would provide

the biggest gains for a given amount of capital.

Although Samoa was not sustainable in 2009, and was not on a sustainability trajectory

at that time, the proposals outlined by the Samoan Government and this research would

shift Samoa’s development path to a more self-sufficient, and more sustainable, future.

With management of both supply and demand, Samoa could become fully self-sufficient in

three of the four main metabolic categories (food, water, and energy), and more than half

self-sufficient in materials (including CO2).

Furthermore, Samoa’s 2009 sustainability trajectory is demonstrative of that of all

developing countries – in some areas more sustainable than comparable developed countries,

and in some areas less – but it is not necessarily a sustainable path in the long-term. And

yet the target of increased standards of living is entirely fair. The onus is therefore on

developed countries who have the means and the responsibility to demonstrate how their

standards of living may continue to improve whilst moderating global consumption to fit

within the Earth’s intergenerational carrying capacity.

7.1.3 Recommendations for Improving Samoa’s Sustainability

Further improvements could be made to the sustainability of the societal metabolism

of Samoa by introducing strategic infrastructure targeting resilience and making more

efficient use of resources already present in the system (some of which are also outlined in

Section 6.5.2), such as:

• The Samoan Government’s planned infrastructure development projects, as outlined

in Sections 6.3.1, 6.3.3, and 6.3.5, should be implemented. The infrastructure

development proposed by this research, as outlined in Sections 6.3.2 and 6.3.4, should

be investigated for feasibility.
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• Samoa Bureau of Statistics/Samoa Customs Service mandating the Port of Apia to

weigh goods as they come in or requiring this information as part of the Customs

declaration would prove useful in improving the accuracy of accounting for the societal

metabolism. And, since this disproportionately affects the materials category, which

was the least sustainable of the four major mass goods categories, this would improve

the estimate of the true carrying capacity of Samoa.

• Although most households in Samoa are still participating in subsistence agriculture

to some degree, the popularity of imported (and especially convenience) foods is

growing. The challenge for the Samoan Ministry of Agriculture is how to maintain

agricultural productivity in an economically advantageous manner, while retaining

the food security benefits that local food production provides, and build resilience

against climate change and cyclones into this system. Organic agriculture and other

low-volume, high-value crops may be useful in addressing environmental issues whilst

supplying local and export demand.

• Sustainable fisheries management should be a priority for the Samoan Government.

In particular, the tuna fishery is of high importance to both subsistence and export

earnings, and consideration should be given to how this resource is to be used in the

long-term future.

• Although a difficult topic because of the prevalence of food in Samoan culture,

Samoa’s high food energy intake and the related obesity issues should be considered

a priority for the Ministry of Health. This would improve health outcomes and allow

additional (now unused) produce to be sold as exports or consumed locally instead

of imported food, thus increasing the local supply proportion and hence raising

Samoa’s food supply carrying capacity.

• Due to the risk of contamination, and the cost of proper filtration, groundwater

sources should be phased out (at least for drinking and cooking purposes), and

replaced with rainwater catchment and storage. Alternatively, or in addition, sani-

tation practices should be reviewed and more appropriate technologies should be

implemented, to reduce the biological contamination of the groundwater lens. Chem-

ical contamination from agricultural application of fertilisers and pesticides should

be monitored, though this is likely to become less of an issue if organic practices are

pursued.

• Samoa’s growing population and increasing standards of living are reflected in

rising electricity and fuel consumption, and will require substantial infrastructure
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development in the future. PPS, Samoa’s only petroleum importer, has developed a

manufacturing process for coconut biodiesel, which could help improve employment

opportunities as well as reduce the cost of electricity, and may even create a new

export commodity. Although this project was abandoned when oil prices dropped,

the proprietary knowledge remains, and biofuels could become a valuable product

(for both local energy supply and export) in future.

• Apolima, a small offshore island, is trialling a village-wide solar power scheme after

getting rid of their old diesel generator, which could be used as a blueprint for other

villages. Public-private partnerships may be an effective method of sourcing funding

for development of solar power, wind projects, and other forms of renewable energy

generation (as detailed in D’Este et al., 2011).

• In order to improve local carrying capacity of materials, building design and con-

struction materials should preferentially move away from reliance on imported steel

and pre-cast concrete, and towards traditional (locally-abundant) building materials

such as wood, copra, rock, dead coral, and sand. This may involve harvesting

volcanic rock from lava fields and crushing it to the correct size, and should involve

a sustainable forestry management plan to enable long-term wood harvesting. A

shift from woodfuel to electricity for cooking (in line with present trends) should

further support this, freeing up to 42,000 t/year of wood for other purposes.

• Environmental stewardship should be a priority for the Samoan Government, to

address issues such as soil erosion, which would deplete the capabilities of the forestry

and agricultural sectors, thereby reducing the carrying capacities of the materials

and food systems (respectively), as well as protecting lagoons from pollution and

mangroves from being removed, which help to keep fisheries healthy and productive.

• Climate change will have an effect on where infrastructure can be located in future,

as the population tends to be clustered around the coast which is vulnerable to sea

level rise and storm surges. Villages that relocate inland should consider reforesting

the land they leave behind, as a further protection from the sea and to supply wood

in the future. Agriculture and fisheries in particular are likely to need additional

support with predicted droughts, flooding, cyclones, and coral bleaching. Rather

than being removed, mangrove forests could be planted and protected to act as a

buffer to tsunamis, king tides, and storm surges, and help reduce coastal erosion in

these areas; they are also important to fisheries, acting as a nursery to juveniles of

many species. Properly engineered seawalls should be built as appropriate (if only
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in more populated areas, to reduce costs).

7.2 Future Work

• Data collection: The description of interdependent infrastructure system relation-

ships is a step forward, but quantifying these relationships in further detail (such as

breaking down electricity consumption by user type, constructing a full hydrological

cycle, or obtaining better materials import data from SBS) would be even more

useful; due to the absence of data, this level of detail was not possible in this research.

• Spatial factors: Given the importance of demographics and geographic factors in

societal metabolism, it seems intuitive that land use would have an influence on

resource use and effectiveness of infrastructure systems, and therefore on sustainability.

What kinds of socio-technical infrastructure development, and in which locations,

would best support sustainability? Other researchers have proposed that MFA be

linked to land use (Giljum, 2004) but it does not appear to have been investigated

in the literature.

• Standardisation of methodologies: Standardisation of UM, further standardisa-

tion of MFA, and preferably a combined analysis type, such as that developed for this

research, would greatly enhance the efficacy of the field. Among other things, this

would have the effect of putting all such analyses into an immediately global context,

allowing for example the development of comparative databases on consumption

data, aid in evaluating the likely benefits of specific infrastructure development by

allowing comparison to similar studied locations, and support land-use tie-in. Vari-

ous factors will impact standardisation, including agreement between practitioners,

data availability, and variance amongst the objectives of data collectors (usually

government-run statistics offices).

• Error analysis: With additional data (especially from different sources) it may be

possible to establish the accuracy of the results. This would further support detailed

infrastructure planning.

• Modelling: A dynamic model would be useful to predicting future supply and

demand relationships, particularly in analysing the effect of feedback loops and

the potential scenarios from climate change, as well as minima and maxima in

requirements and capacity (respectively). This would require at a minimum two
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data sets with the same parameters from different points in time, but the more data

available, the better the model could be. Agent-based modelling, which may be

preferable to an ordinary differential equation solver for policy analysis, could be

investigated. Optimisation of modelling variables would be a valuable addition, akin

to back-casting but conducted for each individual parameter.
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FISHERIES SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Imported diesel 2,276.0        Samoa Bureau of Statistics Oxygen use, complete (diesel) 1.535714 (calculated)

Fish, seafood (from ocean) 12,404.0      FAOSTAT Oxygen use, incomplete (diesel) 1.035714 (calculated)

OUT Exported fish 4,039.6        Samoa Bureau of Statistics Water production, complete (diesel) 1.071429 (calculated)

CO2 (to atmosphere) 5,636.8        Rasmussen, 2008a Water production, incomplete (diesel) 1.071429 (calculated)

CH4 (to atmosphere) 0.5               Rasmussen, 2008a Food energy from fish products (GJ/t) 3.3052 (calculated)

N2O (to atmosphere) 0.2               Rasmussen, 2008a Diesel energy density (MJ/kg) 43.2 Perry, 2008

CO (to atmosphere) 76.0             Rasmussen, 2008a

NOX (to atmosphere) 90.9             Rasmussen, 2008a Variables:

NMVOC (to atmosphere) 15.0             Rasmussen, 2008a Efficiency of use (fisheries) 0.16 Thomas, 2014

SO2 (to atmosphere) 11.0             Rasmussen, 2008a

Calculated values: t GJ

IN Imported diesel 98,323.3     

Fish, seafood (from ocean) (GJ) 40,997.8     

Oxygen (complete combustion) 8,656.5        

Oxygen (incomplete combustion) 78.7             

OUT Fish, seafood to Household Food Processing 8,364.4        27,646.0     

Water (complete combustion) 6,039.4        

Water (incomplete combustion) 81.4             

Energy provided (indirect use) 15,731.7     

Exported fish (GJ) 13,351.7     

Unit



PLANT PRODUCTION SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Imported fertilisers 81.7                Samoa Bureau of Statistics Energy density of wood (MJ/kg) 16.2          Perry, 2008

CO2 uptake (from atmosphere) 1,151,647.0   Rasmussen, 2008a

Wind-borne phosphorus 7.1                   Graham, 1981 Variables:

Seed from Plant Production systems 1.0                   FAOSTAT Proportion of vegetated land area 0.9653     FAO, 2010

OUT CO2 (to atmosphere) from urea & liming 4.6                   Rasmussen, 2008a Proportion of cropped agricultural land 0.2229     FAO, 2010

N2O (to atmosphere) 151.0              Rasmussen, 2008a Proportion of forestry land (all levels) 0.5992     FAO, 2010

Suspended solids, soil loss runoff (to ocean) 7,900.0           Cable, 2001 Agricultural waste (total) 34,844.7  FAOSTAT

Nitrogen, soil loss runoff (to ocean) 67.0                Cable, 2001 Proportion of agricultural waste at field 0.6029     (calculated)

Phosphorus, soil loss runoff (to ocean) 21.0                Cable, 2001 Proportion of agricultural waste at distribution 0.3971     (calculated)

Mineral oil, pesticide runoff (to ocean) 7.5                   Cable, 2001 Food energy from vegetable products (GJ/t) 4.870       (calculated)

Nitrogen, fertiliser runoff (to ocean) 7.5                   Cable, 2001

Phosphorus, fertiliser runoff (to ocean) 7.5                   Cable, 2001

Potassium, fertiliser runoff (to ocean) 7.5                   Cable, 2001

Harvested crops to Industrial Food Processing 48,000.0        FAOSTAT

Unprocessed plant materials to Materials Processing 81,000.0        FAOSTAT

Exported food products 12,667.0        Samoa Bureau of Statistics

Exported unprocessed plant materials 2.2                   Samoa Bureau of Statistics

Woodfuel to Household Food Processing systems 42,000.0        FAOSTAT

Forestry products to Materials Processing systems 4,020.0           FAOSTAT

Seed to Plant Production systems 1.0                   FAOSTAT

Calculated values: t GJ Equations:

IN Dumped organic solid waste from agriculture 5,646.9           

Compost from ORGSW 3,756.6           

Manure fertiliser from Animal Production systems 1,214,395.7   

OUT Agricultural waste (at field) 21,007.6        

Agricultural waste (distribution losses) 13,837.2        

Fodder to Animal Production systems 842,010.1      

Harvested crops to Household Food Processing 88,333.0        430,146.6   

Woodfuel to Household Food Processing systems 680,400.0   

Exported food products 61,683.3     

CO2 (to atmosphere) from deforestation 351,816.0      

Unit



ANIMAL PRODUCTION SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Imported fodder 381.6              Samoa Bureau of Statistics Manure production (t/pig/year) 3.7 Barker, 2002

Imported livestock 5.7                   Samoa Bureau of Statistics Manure production (t/cow/year) 15.3 Barker, 2002

Eggs to hatch from Animal Production systems 45.0                FAOSTAT Manure production (t/chicken/year) 0.03 Barker, 2002

OUT Unprocessed materials to Materials Processing 210.9              Samoa Bureau of Statistics CH4 production per cow (t/year) 0.1396667 (calculated)

Exported livestock 0.5                   5.0             Samoa Bureau of Statistics

Exported food 8.1                   80.4          Samoa Bureau of Statistics Variables:

Eggs to hatch to Animal Production systems 45.0                FAOSTAT Number of pigs 202,000     MAF, 2012

CH4 (to atmosphere) 4,190.0           Rasmussen, 2008a Number of cattle 30,000        MAF, 2012

Number of chickens 620,000     MAF, 2012

Calculated values: t GJ Number of horses 1,900          MAF, 2012

IN Leftover food scraps for feed from Organic Solid Waste 17,630.4        Number of donkeys 7,000          MAF, 2012

Oxygen (from atmosphere) 120,282.3      Number of pigs fed by scraps 14,637.1    McDonald, 1995

Fodder from Plant Production systems 842,010.1      Number of pigs fed by biomass 187,362.9  McDonald, 1995

Drinking water from Water systems 421,005.0      Quantity of biomass required to feed remaining pigs 273,549.8  (calculated)

OUT Manure production to Plant Production systems 1,214,395.7  Tonnes biomass/chicken/year 0.1               McDonald, 1995

CO2 (to atmosphere) 384,281.3      Quantity of biomass to feed chickens 33,945.0    (calculated)

Food products to Household Food Processing 7,837.9           77,770.0  Biomass to feed horses/donkeys 80,333.7    (calculated)

Total Extra Biomass input 837,010.1  (calculated)

Food energy from animal products (GJ/t) 9.92            (calculated)

CO2 production/cow(t/year) 6.716          Aguerre, 2011; Ni, 1999

CO2 production/pig(t/year) 0.648          Aguerre, 2011; Ni, 1999

CO2 production/chicken(t/year) 0.026          Aguerre, 2011; Ni, 1999

CO2 production/horse(t/year) 6.044          Aguerre, 2011; Ni, 1999

CO2 production/donkey(t/year) 3.472          Aguerre, 2011; Ni, 1999

Unit



HOUSEHOLD FOOD PROCESSING SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Imported kerosene & LPG 1,228.1       Samoa Bureau of Statistics Oxygen use, complete (propane) 1.6667 (calculated)

Imported food products (excl. animal products, fish & seafood) 32,000.0     FAOSTAT Oxygen use, incomplete (propane) 3.5 (calculated)

Imported food products (animal products only) 16,000.0     FAOSTAT Water production, complete (propane) 1.3333 (calculated)

Fish and seafood (imported) 6,000.0       FAOSTAT Water production, incomplete (propane) 4 (calculated)

Woodfuel from Plant Production systems 42,000.0     FAOSTAT Carbon production, incomplete (propane) 1 (calculated)

OUT CO2 (to atmosphere) 606.4          Rasmussen, 2008a LPG (propane) energy density (MJ/kg) 46.4 Perry, 2008

CH4 (to atmosphere) 0.5              Rasmussen, 2008a

N2O (to atmosphere) 0.1              Rasmussen, 2008a Variables:

CO (to atmosphere) 76.7            Rasmussen, 2008a Efficiency of use (cooking energy) 1 (assumed)

NOX (to atmosphere) 1.8              Rasmussen, 2008a Food energy from animal products (GJ/t) 9.922299915 (calculated)

NMVOC (to atmosphere) 9.2              Rasmussen, 2008a Food energy from vegetable products (GJ/t) 4.8696 (calculated)

SO2 (to atmosphere) 1.6              Rasmussen, 2008a Food energy from fish products (GJ/t) 3.3052 (calculated)

Proportion of households using electricity for cooking 0.086 Samoa Bureau of Statistics, 2010

Calculated values: t GJ

IN Imported kerosene & LPG 56,986.1     

Woodfuel from Plant Production systems 680,400.0  

Imported food products (excl. animal products, fish & seafood) 155,827.3  

Imported food products (animal products only) 158,756.8  

Fish and seafood (imported) 19,831.2     

Food from Industrial to Household Food Processing 39,808.1     193,849.6  

Food from Plant Production systems 88,333.0     430,146.6  

Food from Animal Production systems 7,837.9       77,770.0     

Food from Fisheries systems 8,364.4       27,646.0     

Beer and soft drinks from Industrial Food Processing 15,000.0     

Oxygen (complete combustion) 1,010.7       

Oxygen (incomplete combustion) 268.6          

OUT Household food waste to Organic Solid Waste 25,044.1     

Water (complete combustion) 808.6          

Water (incomplete combustion) 307.0          

Carbon (incomplete combustion) 76.7            

Energy provided (direct use) 737,386.1  

Food for consumption 173,299.3  867,971.6  

Unit



INDUSTRIAL FOOD PROCESSING SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Unprocessed food from Plant Production systems 48,000.0  FAOSTAT

Salt 17.3          Samoa Bureau of Statistics Variables:

Groundwater use in beverage production 15,000.0  MNRE, 2010 Food wastage rate 0.1          MAF, 2012

OUT Exported food products 3,332.3    Samoa Bureau of Statistics Beer production (t/year) 8,500      MAF, 2012

NMVOC (to atmosphere) from food processing 2.8            Rasmussen, 2008a Soft drink production (t/year) 6,500      MAF, 2012

Suspended solids, beer production runoff (to ocean) 10.4          Cable, 2001

Biological oxygen demand, beer production runoff (to ocean) 63.7          Cable, 2001

Calculated values: t GJ

IN Electricity consumption 38,086.3    

OUT Food from Industrial to Household Food Processing 39,808.1  193,849.6  

Food waste 4,800.0    

Beer and soft drinks 15,000.0  

Exported food products 16,227.0    

Unit



WATER SUPPLY SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Imported water 1,010.2             Samoa Bureau of Statistics Rainfall (mm/year) 2,965                   MNRE, 2010

Surface water (other) 26,880,000.0   Lokai, 2011 Land area (km2) 2,842                   MNRE, 2010

Surface water after hydropower 13,120,000.0   Lokai, 2011 Land area Savai'i 1,694                   MNRE, 2010

Groundwater (bore/spring) 11,300,000.0   Lokai, 2011 Land area 'Upolu 1,148                   MNRE, 2010

OUT Exported water 320.1                Samoa Bureau of Statistics Rainwater (t/year) 8,426,530,000   (calculated)

Water to Food Processing Systems 15,000.0           MNRE, 2010 Evapotranspiration as % of rainfall (Tutuila average) 0.348                   Izuka, 2005

Groundwater recharge 4,851,280,592   (calculated)

Calculated values: t GJ Equations: Plant uptake rate as % of rainfall (Samoa) 0.416                   (calculated)

IN Rainfall (to balance runoff & ANPRD water) 33,035,088.5   Water to Plant Production Systems (t/year) 3,506,914,320   (calculated)

OUT Pipe losses 16,000,000.0   Surface water runoff as proportion of rainwater 0.004                   Alfaro, 2007

Water supply 35,285,690.1   Groundwater discharge to sea 5,430,462,472   (calculated)

Drinking water to Animal Production systems 421,005.0        

Runoff 32,614,083.5   Variables:

Pipe leakage rate 0.40                     SOPAC, 2007

Water treatment & supply (t/year) 51,300,000        Lokai, 2011

Raw water supply, 'Upolu 21,800,000        Lokai, 2011

Raw water supply, Savai'i 600,000              Lokai, 2011

Bore water supply, 'Upolu 6,200,000           Lokai, 2011

Bore water supply, Savai'i 5,100,000           Lokai, 2011

Treated water supply, 'Upolu 16,400,000        Lokai, 2011

Treated water supply, Savai'i 1,200,000           Lokai, 2011

Unit



ELECTRICITY GENERATION SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Imported diesel (grid) 16,398.3          Samoa Bureau of Statistics Hydropower energy value (GJ/t) 0.0122 (calculated)

Imported coal (private generators) 16.1                  MNRE, 2010 Rainfall (mm/year) 2,965      MNRE, 2010

OUT CO2 (to atmosphere) 41,245.7          Rasmussen, 2008a Diesel energy density (MJ/kg) 43.2 Perry, 2008

CH4 (to atmosphere) 1.7                    Rasmussen, 2008a Coal energy density (MJ/kg) 24 Perry, 2008

N2O (to atmosphere) 0.4                    Rasmussen, 2008a Oxygen use, complete (diesel) 1.536 (calculated)

CO (to atmosphere) 8.4                    Rasmussen, 2008a Oxygen use, incomplete (diesel) 1.036 (calculated)

NOX (to atmosphere) 111.4                Rasmussen, 2008a Water production, complete (diesel) 1.071 (calculated)

NMVOC (to atmosphere) 2.8                    Rasmussen, 2008a Water production, incomplete (diesel) 1.071 (calculated)

SO2 (to atmosphere) 77.7                  Rasmussen, 2008a Insolation (GJ/m
2
/year) 7.1 Albuisson, 2006

Calculated values: t GJ Equations: Variables:

IN Imported diesel (grid) 708,404.6  Proportion of T&D grid losses 0.2 MNRE, 2010

Imported diesel (private generators) 6,849.0             295,876.0  Diesel generators efficiency 0.288 Atilua, 2011

Imported coal (private generators) 386.2          Private diesel generators efficiency, diesel 0.298823 (calculated)

Surface water 13,120,000.0   160,026.4  Private diesel generators efficiency, coal 0.3 Atilua, 2011

Oxygen (complete combustion) 63,341.7          Proportion of additional capacity from private generators 0.26 Demafelis, 2009

Oxygen (incomplete combustion) 8.7                    Hydropower share of electricity supplied 0.4 Rasmussen, 2008

Insolation 165.0          Hydropower efficiency 0.85 Zhou, 2013

OUT Electricity (grid, diesel) 204,033.6  Proportion of river flow diverted for hydropower 0.8 Tamasese, 2011

Electricity (grid, hydropower) 136,022.4  Solar panel efficiency 0.2 Dhankhar, 2014

Electricity (private, diesel + coal) 88,530.4    Solar panel area (m2) 23.2 Rasmussen, 2008

Grid losses 68,011.2-    Grid electricity consumption: commercial proportion 0.45 MNRE, 2010

Water (to Water Supply) 13,120,000.0   Grid electricity consumption: domestic proportion 0.24 MNRE, 2010

Water (complete combustion) 44,191.9          Grid electricity consumption: hotels/industry/churches/schools proportion 0.21 MNRE, 2010

Water (incomplete combustion) 9.0                    Grid electricity consumption: govt depts proportion 0.1 MNRE, 2010

Electricity from solar power (Apolima) 33.0            

Unit



TRANSPORT SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Imported diesel & petrol 38,447.9    Samoa Bureau of Statistics Petrol energy density (MJ/kg) 43.1 Perry, 2008

OUT CO2 (to atmosphere) 98,450.0    Rasmussen, 2008a Diesel energy density (MJ/kg) 43.2 Perry, 2008

CH4 (to atmosphere) 30.5            Rasmussen, 2008a Oxygen use, complete (petrol) 1.563 (calculated)

N2O (to atmosphere) 4.7              Rasmussen, 2008a Oxygen use, complete (diesel) 1.536 (calculated)

CO (to atmosphere) 7,350.0       Rasmussen, 2008a Oxygen use, incomplete (petrol) 1.063 (calculated)

NOX (to atmosphere) 621.0          Rasmussen, 2008a Oxygen use, incomplete (diesel) 1.036 (calculated)

NMVOC (to atmosphere) 1,385.0       Rasmussen, 2008a Water production, complete (petrol) 1.125 (calculated)

SO2 (to atmosphere) 112.0          Rasmussen, 2008a Water production, complete (diesel) 1.071 (calculated)

Water production, incomplete (petrol) 1.125 (calculated)

Calculated values: t GJ Equations: Water production, incomplete (diesel) 1.071 (calculated)

IN Imported diesel & petrol 1,659,026.9  

Oxygen (complete combustion) 305,019.2  =CO2*(Oxygen_comp_petrol+Oxygen_comp_diesel) Variables:

Oxygen (incomplete combustion) 15,421.9    =CO*(Oxygen_incom_petrol+Oxygen_incom_diesel) Proportion of diesel vehicles 0.5 D'Este, 2011

OUT Water (complete combustion) 216,238.4  =CO2*(Water_comp_petrol+Water_comp_diesel) Efficiency of use (transport) 0.16 Thomas, 2014

Water (incomplete combustion) 16,143.8    =CO*(Water_incom_petrol+Water_incom_diesel)

Energy provided (indirect use) 265,444.3      =Imported_diesel_and_petrol_GJ*Efficiency

Unit



CONSTRUCTION & QUARRYING SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Stone, gravel 12,240.9          Ministry of Finance, 2012a Diesel energy density (MJ/kg) 43.2 Perry, 2008

Construction materials 1,280,291.6    Samoa Bureau of Statistics Oxygen use, complete (diesel) 1.5357 (calculated)

OUT CO2 (to atmosphere) 16,790.6          Rasmussen, 2008a Oxygen use, incomplete (diesel) 1.0357 (calculated)

CH4 (to atmosphere) 0.7                    Rasmussen, 2008a Water production, complete (diesel) 1.0714 (calculated)

N2O (to atmosphere) 0.1                    Rasmussen, 2008a Water production, incomplete (diesel) 1.0714 (calculated)

CO (to atmosphere) 2.0                    Rasmussen, 2008a

NMVOC (to atmosphere) 1.1                    Rasmussen, 2008a Variables:

SO2 (to atmosphere) 31.0                  Rasmussen, 2008a Wastage rate, construction materials 0.01758 (calculated)

Efficiency of use (construction & quarrying) 0.16 Thomas, 2014

Calculated values: t GJ Equations: Diesel use, GJ per t of rock quarried 22.38      (calculated)

IN Imported diesel 6,557.2            283,272.2    

Oxygen (complete combustion) 25,785.6          

Oxygen (incomplete combustion) 2.1                    

OUT Water (complete combustion) 17,989.9          

Water (incomplete combustion) 2.1                    

Energy provided (indirect use) 45,323.6      

Materials supply 1,270,023.6    

Inorganic solid waste 22,508.8          

Unit



MATERIALS PROCESSING SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN Unprocessed materials from Plant Production systems 81,000.0    FAOSTAT

Unprocessed materials from Animal Production systems 210.9         FAOSTAT Variables:

Imported materials (finished goods) 6,001.0      FAOSTAT Wastage rate, materials processing (vegetable products) 0.1 Ministry of Finance, 2012a

Forestry products from Plant Production systems 4,020.0      FAOSTAT Wastage rate, materials processing (animal products) 0.156 (calculated)

OUT CO2 (to atmosphere) 4,316.8      Rasmussen, 2008a Oxygen component of CO2 0.7273 (calculated)

N2O (to atmosphere) 0.4              Rasmussen, 2008a Oxygen component of N2O 0.3636 (calculated)

NMVOC (to atmosphere) 99.0            Rasmussen, 2008a Non-construction material demand proportion 0.0571 (calculated)

HFC (to atmosphere) 2.3              Rasmussen, 2008a

Exported processed plant materials 1,491.6      FAOSTAT

Calculated values: t GJ Equations:

IN

OUT Materials supply 79,926.5    

Organic solid waste generation 8,534.9      

Unit



ORGANIC SOLID WASTE SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN

OUT CO2 (to atmosphere) 2,280.0       Rasmussen, 2008a Variables:

CH4 (to atmosphere) 70.0            Rasmussen, 2008a Proportion of waste dumped (bush) 0.162      (calculated)

N2O (to atmosphere) 1.7              Rasmussen, 2008a Proportion of waste dumped (lagoon) 0.278      (calculated)

Proportion of waste burned 0.046      (calculated)

Calculated values: t GJ Proportion of waste landfilled 0.514      (calculated)

IN Waste from Materials Processing systems 8,534.9       % of landfill waste being green waste/agricultural waste 0.429      Sagapolutele, 2008

Agricultural waste from PLPRD 34,844.7    % of landfill waste being organic household waste 0.088      Sagapolutele, 2008

Waste from Industrial Food Processing systems 4,800.0       % of landfill waste being inorganic solid waste 0.484      Sagapolutele, 2008

Waste from Household Food Processing systems 25,044.1    Population (local only) 184,100  Samoa Bureau of Statistics, 2011 (calculated)

OUT Leftover scraps for animal feed 17,630.4    Tourists (number/year) 129,238  Samoa Bureau of Statistics, 2011

Compost from FOODH to PLPRD 3,756.6       Tourist average stay (days) 14.62      Samoa Bureau of Statistics, 2011

Dumped agricultural solid waste (land) 5,646.9       Equivalent total population (permanent + transient) 189,274  (calculated)

Dumped agricultural solid waste (sea) 9,680.4       Proportion of households keeping livestock 0.689      MAF, 2012

Burned agricultural solid waste 1,613.4       

Landfilled agricultural waste 17,904.0    

Landfilled household waste (organic) 3,657.1       

Landfilled industrial waste (organic) 13,334.9    

Suspended solids, waste runoff to ocean 39.4            

Unit



INORGANIC SOLID WASTE SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN

OUT Recycled metals 852.0        SKM, 2000 Variables:

Recycled plastics 24.5          SKM, 2000 Proportion of waste dumped (bush) 0.140           MNRE, 2010

CO2 (to atmosphere) 124.0        Rasmussen, 2008a Proportion of waste dumped (lagoon) 0.240           MNRE, 2010

CH4 (to atmosphere) 0.0             Rasmussen, 2008a Proportion of waste burned 0.040           MNRE, 2010

N2O (to atmosphere) 0.0             Rasmussen, 2008a Proportion of waste landfilled 0.556           (calculated)

CO (to atmosphere) 0.2             Rasmussen, 2008a Proportion of waste recycled 0.024           (calculated)

NOX (to atmosphere) 0.3             Rasmussen, 2008a Proportion of landfilled waste being inorganic 0.484           Sagapolutele, 2008

SO2 (to atmosphere) 0.2             Rasmussen, 2008a

Calculated values: t GJ

IN Household inorganic waste 36,338.6  

Construction waste 22,508.8  

OUT Dumped inorganic solid waste (land) 5,087.4     

Dumped inorganic solid waste (sea) 8,721.3     

Burned inorganic solid waste 1,453.5     

Landfilled household waste (inorganic) 20,199.9  

Landfilled industrial waste (inorganic) 22,508.8  

Unit



WASTEWATER SYSTEMS
Dir. RESOURCE FLOWS SOURCE SYSTEM PARAMETERS SOURCE

Available data: t GJ Reference: Constants: Reference:

IN

OUT CH4 (to atmosphere) 1,210.0          Rasmussen, 2008a Variables:

Commercial wastewater production rate (m3/day) 464.3       Schwalger, 2011

Calculated values: t GJ Domestic wastewater production (t/capita/day) 0.0179    (calculated)

IN Wastewater generation (domestic) 1,237,502.6  Equivalent total population (permanent + transient) 189,274  (calculated)

Wastewater generation (commercial) 169,585.0      Dewatering proportion (domestic only) 0.990       Schwalger, 2011

OUT Wastewater seepage to groundwater 1,225,326.0  Total solids removal proportion 0.360       Schwalger, 2011

Septic tank emptying (W/w disposed at landfill ponds) 9,599.5          Commercial wastewater N loading (mg/L) 25            Cable, 2001; Schwalger, 2011

Wastewater discharge to ocean 169,577.2      Commercial wastewater P loading (mg/L) 6               Cable, 2001; Schwalger, 2011

Nitrogen, wastewater runoff (to ocean) 743.7              Commercial wastewater SS loading (mg/L) 10            Cable, 2001; MNRE, 2010

Phosphorus, wastewater runoff (to ocean) 84.1                Commercial wastewater BOD loading (mg/L) 5               Cable, 2001; MNRE, 2010

Suspended solids, wastewater runoff (to ocean) 586.2              Solids content of domestic wastewater (mg/L) 270          Cable, 2001; MNRE, 2010

Biological oxygen demand, wastewater runoff (to ocean) 1,170.9          Domestic wastewater N (t/year) 739.5       (calculated)

Domestic wastewater P (t/year) 83.0         (calculated)

Domestic wastewater SS (t/year) 584.5       (calculated)

Domestic wastewater BOD (t/year) 1,170.0   (calculated)

Unit
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Figure A3.1: Samoa's total metabolic flows in 2009, 108 tonnes / 106 GJ and below.
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Figure A3.2: Samoa's total metabolic flows in 2009, 107 tonnes / 104 GJ and below.
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Figure A3.3: Samoa's total metabolic flows in 2009, 106 tonnes / 102 GJ and below.
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Figure A3.4: Samoa's total metabolic flows in 2009, 105 tonnes and below.



BR7
Snapshot

BR7
Text Box
Figure A3.5: Samoa's total metabolic flows in 2009, 104 tonnes and below.
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Figure A3.6: Samoa's total metabolic flows in 2009, 103 tonnes and below.
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Figure A3.7: Samoa's total metabolic flows in 2009, 102 tonnes and below.
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Figure A3.8: Samoa's total metabolic flows in 2009, 101 tonnes and below.
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Figure A4.1: Samoa's material flows in 2009, 105 tonnes and below.
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Figure A4.2: Samoa's material flows in 2009, 104 tonnes and below.
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Figure A4.3: Samoa's material flows in 2009, 103 tonnes and below.
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