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요 약

세계인구는 산업혁명 이후 급격히 증가하여 2012년 현재 약 70억 명이며, 2025년에는 80억 명까지 증가할 것으로

예측되고 있다. 개발도상국에서는 삶의 질이 개선됨에 따라 자원과 에너지의 수요가 전세계적으로 증가하고 있다.

결과적으로, 인류는 지구온난화, 물 부족, 식량부족, 자원 및 에너지 위기 등의 전지구적인 시급한 문제에 직면하고

있다. 이러한 문제점을 해결하기 위한 이산화탄소 해양격리, 해수담수화, 인공용승, 심해자원(개발), 해양에너지 등

의 해양활용기술이 발전되고 있다. 이러한 기술들은 지속가능한 사회시스템보다는 화석연료에 기반한 편리함으로 인

하여 발전되었기 때문에 지속가능성 및 공공의 수용 관점에서 이러한 기술들을 평가하는 것이 중요하다. 일본 조선

해양공학회의 포괄적 해양압력 평가 및 분류기술 연구위원회는 지속가능성과 공공의 수용 입장에서 해양활용기술을

평가하기 위하여 환경 지속성과 경제적 타당성을 예측하는데 이용되는 지시자로써 트리플 I을 제안한 바 있다. 본

논문에서는 생태발자국과 환경영향평가가 결합된 트리플 I 지수, 트리플 I 지수의 개념과 구조, 트리플 I에서

경제-생태 전환 계수에 대하여 다루고 있다.

Abstract − World population has increased rapidly following the industrial revolution, reaching 7 billion in

2012. Several forecasts estimate that this number will rise to about 8 billion in 2025. Improvements of living

standards in developing nations have also raised resource and energy demands worldwide. In consequences,

human beings have faced many global and urgent problems, such as global warming, water and food shortages,

resource and energy crises, and so on. Many ocean utilization technologies for avoiding or reducing such big

problems have been developed, for examples CO2 ocean sequestration, seawater desalination, artificial

upwelling, deepwater mining, and ocean energies. It is important, however, to assess such technologies from

the viewpoints of sustainability and public acceptancy, since the aims of those technologies are to develop sus-

tainable social systems rather than conventional ones based on fossil resources. Inclusive Marine Pressure

Assessment and Classification Technology Research Committee (generally called IMPACT Research Com-

mittee) of Japan Society of Naval Architects and Ocean Engineers, has proposed Inclusive Impact Index “Triple

I” as an indicator, which can predict both environmental sustainability and economical feasibility, in order to

assess the ocean utilization technologies from the viewpoints of sustainability and public acceptancy. This index

was considered by combining Ecological Footprint and Environmental Risk Assessment. The Ecological Foot-

print and the Environmental Risk Assessment are introduced in the first part of this paper. Then the concept

and the structure of the Triple I are explained in the second part of this paper. Finally, the economy-ecology

conversion factor in Triple I accounting is considered.

Keywords: Ecological footprint(생태 발작국), Environmental risk(환경위기), Inclusive impact index(포괄

적 영향지수), Sustainability(지속가능성), Triple I(트리플 I)
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1. INTRODUCTION

World population has increased rapidly following the indus-

trial revolution, reaching 7 billion in 2012. Several forecasts

estimate that this number will rise to about 8 billion in 2025

(U.S. Census Bureau database [2011]), and it is not unreason-

able to expect worldwide water, food and energy shortages in

the future. To date, growth in the production of this necessity

has been accomplished through tremendous use of fresh water,

chemical fertilizer and fossil fuels. This, in turn, has resulted in

depletion of the fresh water resource, expanding areas of infer-

tile land, climate change, and so forth (Fig. 1).

It is well known that 70% of the earth’s surface area is

covered by the ocean. Moreover, while the average height of

dry land is just 840 m above sea level, the average depth of the

ocean is 3,800 m. The ocean is abundant in water and carbon

resources, which are fundamental materials of life, retaining

97% of all water and 85% of carbon on the earth (Otsuka

[2007]). Therefore, it probably will be necessary for land-based

conventional production systems to evolve into ocean utilization

systems in order to be able to support human life as the world

population increases. It is important, however, to assess such

ocean utilization technologies and systems from the viewpoint

of sustainability, since the desired goal is to develop sustainable

water, food and energy resources rather than to just expand

conventional land-based production methods that exploit and

degrade the environment (Fig. 2).

The Inclusive Marine Pressure Assessment and Classification

Technology (IMPACT) Research Group was established in

2002 by the Research Committee on Marine Environment of

the Japan Society of Naval Architects and Ocean Engineers.

During the first four years, the group reviewed several ocean

utilization technologies (e.g., deep ocean water utilization, CO2

ocean sequestration, ocean fertilization) and their environmental

impact assessment methods, and studied global or long-term

assessment and management methodologies (Otsuka and Sato

[2005]).

In the second stage, the IMPACT participants investigated

fundamental knowledge related to global water, food and energy

resource capacities and sustainability indicators for predicting

public acceptance. In September 2006, they met to review and

select methodologies to assess both environmental sustainability

and economic feasibility, and proposed a new assessment

metric, named the Inclusive Impact Index “Triple I” (Otsuka

[2009]), which is based on ecological footprint (Wackernagel

and Rees [1996]) and environmental risk assessments (Nakanishi

[1995]). Thereafter, the group conducted case studies for several

ocean utilization technologies, such as deep ocean water utilization,

CO2 ocean sequestration, ocean energy, and deep-sea mineral

resource developments. They have also tried to popularize the

Triple I index and the associated assessment method by way of

publications, symposium presentations, dissemination of the

results of the case studies on a website, etc.

In this paper, the ecological footprint and the environmental

risk approaches are briefly reviewed, and the concept and

structure of the Triple I are introduced. The economy-ecology

conversion factor in Triple I accounting is also considered.

2. ECOLOGICAL FOOTPRINT

Ecological footprint(Wackernagel and Chambers[1996]) is a

parameter that accounts for the impact of human activity on the

Fig. 2. Change to ocean utilization for water, food and energy pro-

ductions.

Fig. 1. Present water, food and energy productions and their effects

on the earth.
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global environment. It was developed by the research group of

Prof. William Rees at the University of British Columbia in the

1990’s. Dr. Marthis Wackernagel, one of its members, has been

promoting this parameter as a representative of the Global

Footprint Network. In ecological footprint accounting (Ewing

et al. [2010]), all human activities, such as utilization of natu-

ral resources and generation of wastes, are converted into areas

of several types of productive land and ocean, such as crop-

land, forest, grazing land, marine and inland water, and built-up

land (Table 1). These areas are summed, considering their pro-

duction efficiency using an “equivalence factor” to obtain the

global averaged productive area in units of global hectares

(gha). In national or regional ecological footprint accounting,

“yield factor,” which is country-specific and varies by land use

type and year, is also considered. This factor may account for

countries’ different levels of productivity.

Ecological footprint (EF) can be used to measure the sus-

tainability of human activities by comparison with the regener-

ative natural capacity, the so-called biocapacity (BC). The

biocapacity accounting of each country is usually associated

with the compound method. World Wide Fund for Nature

(WWF), the world’s largest Non-Governmental Organization

(NGO) for wildlife and environment conservation, biennially

publishes its Living Planet Report (WWF [2010]) that includes

information on humanity’s ecological footprint. The latest data

shown in Fig. 3 illustrates that humanity’s ecological footprint

has exceeded global biocapacity since the middle 1970’s; it is

now more than 50% greater than global biocapacity.

3. ENVIRONKMENTAL RISK

The environmental risk assessment method (Nakanishi [1995])

was proposed by Prof. Junko Nakanishi of the University of

Tokyo (presently Director, Research Center for Chemical Risk

Management, National Institute of Advanced Industrial Sci-

ence and Technology) in the 1990’s. It is considered an effec-

tive method for assessing long-term environmental impact

issues covering wide areas, such as the effects of global warm-

ing and chemical substances on the human body. According to

this method, the impact on economic losses and on the health

of an individual, and the impact on the ecosystem at present

and in the future are considered as environmental impacts;

present and future costs are considered as resource consump-

tion items; present and future profits are considered as bene-

fits; and each of these are items considered for economic

impact assessment. These can be summarized as cost (C), health

risk of humans (HR), ecological risk (ER), and assessed by the

final benefit (B) and risk ratio (∆B/∆R=magnitude of collateral

benefit/risk borne), as shown in Table 2.

4. INCLUSIVE IMPACT INDEX

4.1 Triple I

Ecological footprint(EF) is being used in many countries of

the world since it is a simple and easy-to-understand index.

However, EF is estimated based on currently available data

and, hence, it cannot be employed to predict future scenarios.

On the other hand, the environmental risk method can be

applied in long-term environmental assessments that consider

future risk. Therefore, if its results can be converted into EF,

Table 1. Equivalence factors for various types of productive land and
ocean (Ewing et al. [2010])

Area type Equivalence factor (gha ha-1)

Cropland 2.51

Forest 1.26

Grazing land 0.46

Marine & inland water 0.37

Built-up land 2.51

Fig. 3. Ratio of humanity’s ecological footprint to global biocapacity

(WWF [2010]).

Table 2. Assessment items in environmental risk management

Environmental impact Resource
consumption

Benefit
Economy Health Ecosyste

Present P1 C
P2 HR

C

P3 ER

C
P4 C P5 C

Future F1 C
F2 HR

C

F3 HR

C
F4 C F5 C

C: Cost
HR: Health Risk
ER: Ecological Risk

⇐
⇐

⇐

⇐

⇐
⇐ ⇐

⇐
⇐

⇐

⇐

⇐
⇐ ⇐



해양이용기술 평가를 위한 포괄적 영향지수 “트리플 I” 121

then this would yield a robust index to evaluate the feasibility

and sustainability of new ocean technologies.

In the Triple I accounting, it is assumed that the value of the

ecosystem in the future including risk can be converted into

EF, by considering biological productivity. This means ecolog-

ical risk (ER) is integrated into the EF. It is also assumed that

human risk (HR) is integrated with the cost (C) as shown in the

environmental risk assessment theory. It should be noted that

the HR is treated as the health risk of humans in the environ-

mental risk assessment theory, but in the Triple I accounting, it

is treated as the human risk, which includes social risks such as

economic loss due to disaster, etc. Accordingly, the Triple I

(III) can be expressed by the following equation.

(1)

where α, β, and γ are the conversion factors from ER to EF,

HR to C and from economic value to environmental value,

respectively. In some case studies we have performed, the

ratio of EF to GDP of the country or region where an ocean

utilization technology is applied, EFregion/GDPregion, was introduced

as the conversion factor γ.

In the III accounting, the terms EF, C, ER, and HR, which

express environmental and economical resource consumptions

including risks, are assigned positive values, while the terms of

BC and B, which show environmental and economical reve-

nues, are assigned negative values. This means that sustainable

technologies or systems will have negative values using this

indicator.

4.2 Triple I Light

The equation for Triple I includes ER and HR, which are cal-

culated in terms of probability. The accuracies of these terms

are sometimes lower than the other terms, such as EF, BC, C

and B. Identifying appropriate methods to estimate ER is the

focus of a number of ongoing investigations. In consideration

of this, a simpler inclusive impact index “Triple I light”(IIIlight)

is proposed below:

(2)

4.3 Triple I Star

Triple I and Triple I light can express both sustainability

(positive or negative value) and the level of environmental

loading or biocapacity increase. For policy makers and the pub-

lic, however, the ratio of the environmental load to biocapacity

may be a more intuitive metric; hence, the normalized indica-

tors “Triple I star” (III*) and “Triple I light star” (IIIlight
*) are

defined as:

(3)

(4)

Using these indicators, sustainable technologies or systems

have values less than one.

5. ECONOMY-ECOLOGY CONVERSION FACTOR

As shown in the previous section, the ratio of EF to GDP of

the country or region where an ocean utilization technology is

applied, EFregion/GDPregion, was introduced as the conversion

factor in some case studies we have performed. This economy-

ecology conversion factor is very important to assess the

inclusive sustainability. The EF, BC and the relation between

them of selected countries are analyzed in this section.

5.1 Ecological Footprint (EF) of Each Country

Figs. 4, 5, 6 and 7 illustrate the total ecological footprint,

the total biocapacity, the population and the ecological foot-

print per capita of selected countries in 2007, respectively.

The total EF of China and India are high, since the popula-

tions of these countries are very large. For the total BC, the

values of Brazil and China, who has very large country area,

are high. In the case of USA, both total EF and BC are high,

because USA has large country area and population, and the

EF per capita is also very high. For the EF per capita, North

Europe and Oceania countries rank high, since their popula-

tions are very low. It is noted that the EF per capita of Mid-

dle East countries are very high, e.g. the value of UAE is

higher than that of USA. These results suggest that the urban

and resort developments of these countries based on the

petroleum industries are huge.

5.2 Gross Domestic Product (GDP) of Each Country

Figs. 8 and 9 show the gross domestic products and the gross

domestic products per capita of selected countries in 2007

(IMF [2010]), respectively. The GDP of USA is much higher

than the other countries. The Japanese GDP in 2007 ranks the

second, but it becomes lower than Chinese one in 2010. The

data of GDP per capita demonstrate that the North Europe

countries rank top three, because the populations of these coun-

tries are low.

III EF BC–( ) αER+[ ] γ C B–( ) βHR+[ ]+=

IIIlight EF BC–( ) γ C B–( )+=

III
* EF αER γ C βHR+( )+ +

BC γB+
--------------------------------------------------------=

IIIlight
* EF γC+

BC γB+
-------------------=
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Fig. 4. Total ecological footprints of selected countries in 2007.

Fig. 5. Total biocapacities of selected countries in 2007.

Fig. 6. Populations of selected countries in 2007.



해양이용기술 평가를 위한 포괄적 영향지수 “트리플 I” 123

Fig. 7. Ecological footprints per capita of selected countries in 2007.

Fig. 8. Gross domestic products of selected countries in 2007.

Fig. 9. Gross domestic products per capita of selected countries in 2007.
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5.3 Relation Between EF and GDP

The relation between EF and GDP are analyzed in this sec-

tion. In this analysis, 2007 US$ is used in the evaluation of

GDP of all countries. Fig. 10 shows that it has generally posi-

tive correlation between EF and GDP. The values of some

developing countries are plotted at higher position than the

averaged distribution area. This means that these countries con-

sume more EF than the other countries to produce the same

level of GDP.

The ratios of EF to GDP of selected countries in 2007 are

shown in Fig. 11. The values of developing countries are high

as shown before. On the contrary, the values of North Europe

countries, such as Norway, are very low. This means that these

countries consume less EF to produce the same level of GDP,

and this factor may be used to make the economic policy for

less environmental impact to the earth.

Fig. 7 illustrates that the carbon footprint (ecological footprint

due to CO2 emission) component is dominant in developed

countries except North Europe and Oceania countries. In ecological

footprint accounting, forest area of 0.19 ha is required to

absorb emitted CO2 of unit ton, and the equivalence factor of

forest area is 1.26 gha/ha (Ewing et al. [2010]). Then, one gha

of carbon footprint corresponds to 4.18 t of CO2 emission. If

the world ecological footprint (ΣEFregion) could be given by the

Fig. 10. Relation between ecological footprint and gross domestic product of selected countries in 2007.

Fig. 11. Ratios of ecological footprint to gross domestic product of selected countries in 2007.



해양이용기술 평가를 위한 포괄적 영향지수 “트리플 I” 125

carbon footprint, ΣEFregion/ΣGDPregion would be calculated as

1.35×10-3 t-CO2/$, and the value of CO2 would become $740/t-

CO2. Therefore, the economy-ecology conversion factor using

ΣEFregion/ΣGDPregion considers the value of CO2 as $740/t-CO2.

Recent EUA (EU Allowance) value, which is CO2 emission

trading value in EU countries, is about €15/t-CO2. This value

corresponds to $20/t-CO2, and is much lower than $740/t-CO2.

6. CONCLUSIONS

Inclusive Impact Index “Triple I” and its simplified and nor-

malized versions “Triple I light” and “Triple I star” are pro-

posed as metrics to assess environmental sustainability and

economic feasibility of ocean utilization technologies. These

indicators are based on ecological footprint and environmental

risk assessment concepts. Sustainable technologies or systems

have negative values of Triple I (III) and Triple I light (IIIlight),

and values of Triple I star (III*) and Triple I light star (IIIlight
*)

less than one.

The EF and GDP of selected countries are analyzed to con-

sider the relations between them, which are applied as one of

the economy-ecology conversion factors in most of case stud-

ies we performed. The results show that the ratios of EF to

GDP of developing countries are high, and this factor can be

used to make the economic policy for less environmental

impact to the earth.
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