SIFT DESK

SDRP Journal of Aquaculture, Fisheries & Fish Science (ISSN: 2575-7571)

Modeling of energy intensity in aquaculture: Future energy
use of global aquaculture

DOI: 10.25177/JAFFS.2.1.3

Received Date: 24" Apr 2018
Accepted Date: 30" May 2018
Published Date:15™ Jun 2018

Youngwoon Kim, Qiong Zhang*

terms of International License.

Research

Copy rights: © This is an Open access article distributed under the

(©

Department of Civil and Environmental Engineering, University of South Florida
4202 E. Fowler Ave ENB 118, Tampa, FL 33620, USA

CORRESPONDENCE AUTHOR
Qiong Zhang

Tel.: (813) 974-6448, Fax: (813) 974-2957, Email: qiongzhang@usf.edu

CONFLICTS OF INTEREST

There are no conflicts of interest for any of the authors.

CITATION

Kim, Y., & Zhang, Q. Modeling of energy intensity in aquaculture: Future energy use of
global aquaculture (2018)SDRP Journal of Aquaculture, Fisheries & Fish Science 2(1) ,60-89

ABSTRACT

Global aquaculture production has increased rapidly
over the past decades; however, aquaculture systems
have become more energy intensive, mainly relying
on non-renewable sources. Increasing energy prices
and energy cost fluctuation could make aquaculture
industry vulnerable, and eventually, it would reduce
food security at the local, regional, and global level.
Therefore, understanding and mitigating the energy
use in aquaculture is important for the sector to grow
in a sustainable manner. This study aims to under-
stand the energy intensity of various forms of aquacul-
ture. The energy intensity of aquaculture was investi-
gated using a modeling approach with consideration
of culture species, culture system intensity, culture
technology, and climatic condition. The established
energy intensity model was used to estimate the ener-
gy use of current global aquaculture, and to explore

possible strategies for the expansion of future global
aquaculture in an energy efficient way with various
growth and climate change scenarios. Results showed
that a significant amount of energy use (about 100 TJ/
yr) could be saved with a selective extensification of
aquaculture (i.e., the increase in extensive culture sys-
tems in developing countries for all trophic levels of
species, along with the increase in intensive marine-
based culture systems in developed countries only for
low trophic level species) compared to the baseline.
Also, as warm climates are more dominant in major
aquaculture producing countries by 2025, the energy
intensity of future global aquaculture would be re-
duced.

Keywords Climate change, Energy conservation,
Growth strategy, Sustainability
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1. INTRODUCTION

As the current world population is expected to reach
approximately 8.2 billion by 2025, food production
sectors will expand to meet the increasing demand [1].
However, feeding the expected world population with-
out depleting natural resources and damaging the envi-
ronment is a grand challenge because food production
sectors have grown at the expense of resources, espe-
cially fossil energy [2-4]. Therefore, one of the major
research foci in food production sectors is to over-
come the current dependence on fossil fuels [5].

As one of the important food sectors, global
aquaculture has been rapidly expanded and intensified
at the fastest rate among the animal meat production in
the period of 1970 to 2004 [6-9]. According to FAO
[10], fish protein serves more than 2.9 billion people
and comprises around 20 percent of total animal pro-
tein intake. The major energy sources used in aquacul-
ture production are electricity and fuels (e.g., diesel
and propane), which are required for pumping, aera-
tion, heating/chilling, wastewater treatment, transport,
refrigeration, and processing [11-13]. Due to globali-
zation and intensification of food production, the ag-
uaculture sector has become one of the most energy
intensive practices in the food production [9,14]. For
instance, seabass cage aquaculture requires 67 kcal of
fossil fuel energy input per 1 kcal of protein output,
while energy requirements for chicken and swine are
only 34 kcal/kcal and 35 kcal/kcal, respectively [14].
Considering the important role of aquaculture, energy
use by the sector will continuously increase as more
advanced aquaculture systems are developed to meet
the ever-increasing global fish demand [14-16]. In
addition, as energy intensity (i.e., energy input per kg
product) and energy use in aquaculture increase, the
economic viability of the sector could become vulner-
able to increasing energy prices and energy price vola-
tility [17]. It is therefore essential to understand the
current status of energy use in aquaculture, and to find
strategies for the sector to maximize productivity as
well as reduce its energy intensity.

In aquaculture, energy intensity varies widely
depending on farmed species or the natural trophic
level of species (Figure S1 in the supporting infor-
extensive, semi-

mation), system intensity (i.e.,

intensive and intensive), culture technology, scale of

production, and local conditions [2,18]. Several stud-
ies assessed the energy use of aquaculture based on
estimated field data or theoretical calculations. Forchi-
no et al. [19] reported energy requirements of two dif-
ferent aquaponics techniques (raft system and media-
filled beds system) used for rainbow trout and lettuce
production. Yacout et al. [20] reported energy inputs
to tilapia production with intensive and semi-intensive
production systems. Troell et al. [18] investigated en-
ergy inputs to aquaculture operations in various forms
of fish farms, and compared them to the energy inputs
in other forms of agriculture. Pelletier et al. [17] sum-
marized energy intensities to produce various species
from aquaculture and fisheries, and discussed on the
vulnerability of seafood products to energy price
changes. Colt et al. [21] reported the resource and en-
ergy requirements of various types of hatchery sys-
tems for smolt production in the U.S. Pacific North-
west. They reported that a Flow-Through (FT) system
with a gravity water supply had the lowest energy re-
quirement (117 MJ/kg), while a Recirculating Aqua-
culture System (RAS) with a heating device resulted
in higher energy consumption (567 MJ/kg). Jerbi et al.
[22] compared energy demands between a traditional
raceway and a cascade raceway for seabass rearing in
the east cost of Tunisia. They reported that a tradition-
al raceway was less energy demanding (175 MJ/kg)
than a cascade raceway (280 MJ/kg) due to lower en-
ergy requirements in water pumping and aeration dur-
ing the rearing phase. Based on theoretical calcula-
tions, Gronroos et al. [23] assessed energy use of rain-
bow trout cultivated in Finland with different farming
methods, resulting in a higher energy requirement of a
land-based farm compared to marine-based farms
(e.g., funnel and cage). Pelletier and Tyedmers [24]
compared energy use between intensive lake-based
systems and pond systems in Indonesia, concluding
that higher energy inputs in the pond system mainly
due to the need for aeration. In these studies, estimated
energy inputs were utilized for comparison either
among various forms of aquaculture or with other
forms of agriculture. However, no studies examined
the influence of combined aquaculture factors (e.g.,
culture species, technology, local climate) on the ener-
gy intensity of aquaculture operations.

As mentioned above, most of the information
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on energy requirement in aquaculture is based on field
data using different approaches and assumptions.
However, the characterization of energy intensity us-
ing field data can be sometimes inaccurate, because
energy data are not collected in a systematic way with
consideration of temporal variations on a daily or
yearly basis (e.g., variations of feeding and manage-
ment practices, stocking densities) [25-27]. In addi-
tion, the existing information is specific to cultivated
species, culture systems, and geographical conditions,
making it difficult to compare the energy intensities of
different forms of aquaculture across the studies
[18,21]. Thus, there is a need to investigate the effects
of aquaculture factors on energy intensity systemati-
cally.

To assess the effects of aquaculture factors on
energy intensity, a modeling approach can be used. In
aquaculture, several mathematical models have been
developed and applied to evaluate effluent characteris-
tics (e.g., nitrogen and phosphorus concentrations)
from various fish farms [26,28-31]. The models have
been effectively used for farm authorization, taxation,
and monitoring and have saved cost, time, and labor
required for water sampling [32]. Likewise, a model-
ing of energy intensity of aquaculture can help under-
stand energy use of the various aquaculture practices
considering the culture species, culture system and
method, and geographical contexts. Furthermore, it
can be applied to investigate the strategies for reduc-
ing the energy intensity of future aquaculture.

Therefore, this study aims to evaluate the ener-
gy intensity and energy use in aquaculture through a
modeling approach with the consideration of culture
species (represented by natural trophic level), system
intensity, culture technology, and climate. The devel-
oped model was applied to investigate energy use pro-
files of current and future global aquaculture under
various growth and climate scenarios.

2. METHODOLOGY
2.1 Model Development
2.1.1 Model Indicator Selection

Aquaculture is a highly diverse activity, producing
fish, mollusks, crustaceans, and aquatic plants in fresh,
brackish, and marine waters with a variety of technol-

ogies. Choice of species influences energy require-
ment because each species requires different environ-
mental characteristics, such as water temperature
[17,18]. Also, feed conversion ratios and nutritional
requirements, which are species-specific, could influ-
ence overall energy demands, especially in intensive
fed aquaculture systems [24]. The nutritional require-
ment can be directly related to the natural trophic level
of species because low trophic level species often re-
quire less processed feed [17]. Based on these facts,
Henriksson et al. [33] suggested a positive correlation
between the energy intensity and the natural trophic
level of the farmed species.

System intensity (e.g., intensive, semi-intensive,
and extensive systems) and culture technology can
also be important factors for determining the energy
requirements in aquaculture. Typically, intensive
farming systems are constructed with tanks, ponds,
and cages, and they can be characterized by high
stocking densities, high energy inputs, heavy chemical
and artificial feed inputs, and low labor inputs [17,18].
On the other hand, semi-intensive and extensive farm-
ing systems have relatively lower stocking densities,
less operational energy, and artificial feed inputs. Pel-
leteir and Tyedmers [34] found that energy costs are
often positively correlated with the system intensity.

In addition, larger fish farms may be able to use their
equipment more efficiently than smaller farms due to
the economies of scale in energy use, resulting in low-
er energy cost per yield [18]. However, most of the
collected literature and reports did not provide scale
information because this information was proprietary.
As a result, the scale of production was not considered
as an indicator in the model.

Apart from the aquaculture-related factors, local
climate conditions can also be a determinant factor for
estimation of the energy demand, because environ-
mental factors (e.g., source water temperature, ambi-
ent temperature, and solar insolation levels) can affect
energy demands [35]. For instance, shrimp aquacul-
ture in Columbian ponds needs 70 kcal/kcal [36],
while shrimp aquaculture in Ecuadorian ponds re-
quires 40 kcal/kcal [14].

Based on the information above, in this study,
the four factors (i.e., species, system intensity, culture

WWW.SIFTDESK.ORG

Vol-2 Issue-1



technology, and climate) were selected as possible
indicators to characterize the energy intensities of var-
ious forms of aquaculture, and their significances were
tested using a statistical approach.

2.1.2 Regression Analysis

Figure 1 describes a flowchart of developing a regres-
sion model in this study. In the pre-processing step,
data on energy use were collected from existing litera-

ture and technical reports. Information on the natural
trophic level of aquaculture species was obtained from
literature [37,38]. Since most of the explored literature
and reports presented energy use as a direct energy
input, direct energy input per kg fish produced was
used to measure energy intensity. Data without all in-
formation needed for the considered predictors were
disregarded. The collected energy use data were sum-
marized in Table S1 in the supporting information.
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Figure 1: A flowchart for determining the final regression model

Table 1: Category of model indicators, symbols, and descriptions

Categories Symbols Descriptions
) W Warm climate
Climate .
C Cold climate
] ) E Extensive or semi-intensive
System intensity '
| Intensive
Species: L Low trophic level (< 3)
Natural trophic level H High trophic level (> 3)
M Marine-based technology
Culture technology P Pond
L Land-based technology
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In the model development step, each indicator variable
was centered and scaled with its mean and standard
deviation, respectively. If necessary, observations (i.e.,
energy intensity) were transformed by the Box-Cox
transformation approach to minimize error terms in
the fitted model [39]. Also, interaction and curvature
effects among the indicators were investigated and
included if their effects were statistically significant.
Extreme outliers were identified and deleted by ana-
lyzing leverage, Cook’s distance, DFFITS, and
DFBETAS. For model’s reliability, the model-
building data excluding outliers contain more than 10
times the number of predictor variables [39]. The
goodness of fit of a model was measured based on the
statistical significance (e.g., adjusted R?). To evaluate
the appropriateness of the fitted model, plots of residu-
als against predictor variables and expected values
were analyzed as described by Mitchell [40].

Additional new data were collected for testing
the model’s predictability. Among them, three data
were obtained from existing facilities in Florida,
which were an intensive RAS and an extensive RAS
(aquaponics) for red drum production in Sarasota
[12,41], and an intensive RAS (aquaponics) for tilapia
production in Lakeland [12], respectively. Through
interviews with local farm managers, daily energy
consumptions in the existing facilities were estimated
based on installed equipment (e.g., pumps, blowers)
and operating hours [12, 41]. The root mean square
error (< 0.2) was used as a statistical indicator for the
model validation.

2.2 Current and Future Global Aquaculture Pro-
duction and Distribution

Geographic Information System (GIS) data for current
global aquaculture distribution and climates were ob-
tained from the National Aquaculture Sector Over-
view (NASO) map [42] and the Koppen-Geiger cli-
mate classification map [43], respectively. The NASO
map is a GIS tool published by Food and Agriculture
Organization (FAQO), and illustrates geographical dis-
tribution of aquaculture, including the geographical
locations of individual farms, culture species, technol-
ogy used, systems intensity, environments, farm pro-
duction, except for energy consumption. Currently, the
NASO map provides data for 21 countries, including

major aquaculture producers of China, Chile, Bangla-
desh, Japan, and so on. However, some major fish pro-
ducing countries (e.g., India and Indonesia) were not
included in the study due to a lack of available data
from the NASO map.

The Koppen-Geiger climate classification map
is a world map based on temperature and precipitation
observations for the period of 1951 to 2000, depicting
a world climate with 5 climate classes of tropical, arid,
temperate, cold, and polar climates. Due to overlapped
temperature ranges used for climate classification and
to facilitate the use of the energy intensity model, the
5 climate classes were re-grouped into a warm climate
zone (arid, tropical, or temperate) and a cold climate
zone (cold or polar) (Figures S2-3 in the supporting
information). The collected global aquaculture infor-
mation from the NASO map was categorized with
combined factors of culture species, culture technolo-
gy, system intensity, and climate as listed in Table 1.
Based on the categorized global aquaculture data, en-
ergy use of current global aquaculture was estimated
using the energy intensity model developed in this
study.

To investigate future energy use profiles in aq-
uaculture, five global aquaculture growth scenarios
were adapted from Delgado et al. [3] and Msangi et al.
[4]. The first scenario assumed all aquaculture would
be equally expanded as business as usual (baseline).
The second scenario considered the accelerated
growth of aquaculture with efficient and intensive fish
production technologies in all countries due to global
information sharing. In contrast to the second scenar-
io, the growth of aquaculture was assumed to be de-
layed in developing countries (the third scenario). This
is because the new production technologies require
skilled experts and fish farmers in developing coun-
tries cannot afford to adopt the cost-intensive new
technologies. China has currently the largest share of
aquaculture production [10], and it would greatly in-
fluence energy use in global aquaculture. Therefore,
the fourth scenario considered that fish demand in
China would be more aggressively increased so that
more intensive systems would be needed to meet the
increasing fish demand. The fifth scenario considered
the global expansion of some innovative RASs, such
as integrated RASs with ecosystems for wastewater
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treatment and aquaponics [15]. These systems are cat-
egorized as extensive land-based systems in this study.
More details on the aquaculture growth scenario are
discussed in S2 in the supporting information.

Table 2 describes key assumptions for the five
scenarios. Total future aquaculture production is as-
sumed to be the same across the scenarios. Except for
the baseline scenario, the scenarios 2 to 4 included
various cases with different assumptions related to the
natural trophic level of culture species and culture
technology. For instance, scenario 2 (faster expansion
with intensive culture systems) had 9 different cases,
including an increase in all intensive systems, an in-
crease in intensive systems to raise high trophic level
species with all types of culture technologies, an in-

crease in intensive systems to raise high trophic level
species with only one culture technology (marine-
based, land-based, or pond), an increase in intensive
systems to raise low trophic level species with all
types of culture technologies, and an increase in inten-
sive systems to raise low trophic level species with
only one culture technology (marine-based, land-
based, or pond). Similarly, scenarios 3 (slower expan-
sion with extensive or semi-intensive culture systems),
4 (increase in intensive culture systems in China), and
5 (i.e., integrated extensive land-based aquaculture
expansion scenario) included 81, 9, and 3 different
cases, respectively. Energy use in aquaculture for all
cases was investigated.

Table 2: Scenarios of global aquaculture development to 2025

Scenarios Descriptions Key assumptions Variables used for cases
1: Base-  Aquaculture grows . .
. d & o Aquaculture grows as usual in all regions
line as usual
o Information on technology is shared across
Faster aquaculture the world. Natural trophic level
2: Faster ~ growth with a Fish farmers worldwide would prefer in- of species
expansion technological pro- tensive systems to extensive or semi- System intensity
gress intensive systems due to higher production Culture technology
yields (3% annual growth rate as-
Sharing of information on technology
across the world is delayed.
Extensive or semi-intensive systems would Natural trophic level
3: Slower  Slower aquaculture be more preferred in developing countries of species
expansion growth (1% annual growth rate assumed). System intensity
Intensive systems would be more preferred Culture technology
in developed countries (1% annual
growth rate assumed).
Fish demand in .. . . . Natural trophic level
. ) Increase in intensive systems in China (3% . P
4: China  China more ag- of species
, , annual growth assumed). . .
gressively increas- System intensity
5: Inte- o .
rated Increase in integrated extensive land-based
£ . . systems worldwide (30% of fish demands
extensive  Innovative and . . . .
i in each region are met by the extensive Natural trophic level
land- environmentally .
. land-based systems). of species
based sys- friendly growth .
Other assumptions are the same as base-
tem eX- llne

rate for the baselme scenario was obtamed from Delagado et al. (2003) and Msanglet al. (2013), whlle annual growthrates for
alternative scenarios were assumed in this study.
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In addition to the growth scenarios, global climate
change is also expected to influence energy use in aq-
uaculture [44]. Therefore, along with the aquaculture
growth scenarios, two distinctive climate change sce-
narios (A1F1 and B1) for the period of 2001 to 2025
were adapted from Rubel and Kottek [45]. Scenario
A1F1 assumes a world with fast economic growth
(fossil fuel intensive) and a quick emergence of new
and efficient technologies, leading to the greatest shift
of climate zones (about 6.3% increased coverage of
warm climate zones). On the other hand, scenario Bl
considers a world with the implementation of clean
technologies, which results in the least shifts of cli-
mate zones (only 2.8% increased coverage of warm
climate zones). The distribution of climate zones for
scenarios A1F1 and B1 were available as GIS maps
provided by Rubel and Kottek [45]. Therefore, along
with the growth scenarios, the GIS maps for scenarios
AT1F1 and B1 were utilized to investigate future global
aquaculture distribution under different climate condi-
tions and their energy intensities as a result of climate
change.

3. RESULTS
3.1 Energy Intensity Model
For model development, data were collected from 19
countries within tropical, arid, temperate, and cold
climate zones, 15 different species including salmon
(25%), trout (14%), carp (14%), tilapia (11%), catfish
(8%), shrimp (8%), polyculture (carp, tilapia, mullet,
and catfish; 7%), bass (3%), rohu (3%), eel (1%), oys-
ter (1%), perch (1%), prawn (1%), and mussel (1%), 7
culture technologies including ponds (40%), RAS
(23%), cage (19%), FT systems (12%), net-pen (3%),
long-line (1%), and funnel (1%). The majority of the
production systems in the data set were intensive sys-
tems (66%), followed by extensive (5%), and semi-
intensive (4%) systems, respectively. In terms of cli-
mates, aquaculture within warm climate zones
(tropical, arid, and temperate) accounted for 91.3%
while the rest (8.7%) were within cold climate zones
(cold and polar).

Data quality varied in terms of scope, reliabil-
ity, and accuracy. Fourteen out of total 106 data points

were disregarded due to poor data quality and inaccu-

racy. Ninety-two data points were initially used as a
training set and 25 data points were utilized for model
validation. During the model development, outliers
were detected and deleted to improve the predictabil-
ity of the regression model. No significant interaction
and quadratic effects were identified. More details for
model development can be found in Section S.4 in the
supporting information. As a result, the fitted regres-
sion model was developed with 42 data points which
is greater than 10 times the number of predictor varia-
bles in the model. The established regression model is

provided in Eq. 1.

EI=(0.3662 — 0.03729 NTS — 0.09105 SI —0.0427 CT —
0.03754 C)* (D)

where, EI is the energy intensity as MJ/kg produced,
NTS is the natural trophic level of species (high
trophic level =1 and low trophic level = 0), SI is the
system intensity (intensive = 1 and semi-intensive or
extensive = 0), CT is the culture technology (land-
based RAS or FT = 3, Pond = 2, and marine-based
technologies = 1), and C is the climate (cold climate
=1 and warm climate = 0).

All of the indicator variables were statistically
significant at a 0.05 significance level (Table 3). Diag-
nostic residual plots against fitted values and a normal
probability plot can be found in Figure S4 in the sup-
porting information. Figure 2 indicates that predicted
energy intensity values agree well with observations,
showing the root mean square error and the normal-
ized root mean square error of 0.08 and 0.18, respec-
tively. Also, the adjusted R? value is 0.97. As shown
in Figure 2, the model tends to underestimate energy
intensity for systems with only a growout unit (i.e.,
empty and red circles in the figure) and overestimate
energy intensity for the systems with both hatchery
and growout units (i.e., blue circles in the figure). This
may be because most of the data used for model de-
velopment did not clearly distinguish whether the en-
ergy inputs are used for the systems with only a grow-
out unit or for both hatchery and growout units. Addi-
tional data which contain detailed energy use infor-
mation for both hatchery and growout units may im-
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3.2 Energy Use of Aquaculture

3.2.1 Energy Use of Current Global Aquaculture-
The global distribution of current major aquaculture
(i.e., fish production is over 5% of the total global aq-
uaculture production) is shown in Figure 3, in terms of
climate, system intensity, natural trophic level of spe-
cies, and culture technology. Most of the aquaculture
practices are performed in warm climates using exten-
sive or semi-intensive culture systems (34,954,460
metric tons, 72% of total global aquaculture produc-
tion). In warm climate regions, a total of 7,953,839
metric tons (i.e., 16% of total global aquaculture pro-
duction) are produced using intensive culture systems
as a major culture system of the regions, including the
United States (232,635 metric tons, 52%), Angola
(159 metric tons, 54%), Peru (28,083 metric tons,
65%), Colombia (44,088 metric tons, 70%), Chile
(642,089 metric tons, 74%), Bangladesh (699,910
metric tons, 76%), Thailand (937,188 metric tons,
79%), Italy (150,702 metric tons, 87%), Oman (175
metric tons, 88%), Japan (1,110,284 metric tons,
99%), and Malta (4,450 metric tons, 100%). On the
other hand, a relatively small amount of fish produc-
tion is found in cold climate (only 12% of total global
aquaculture production), which is mostly located in

China, Canada, and the U.S. Among them, about 93%
is produced from extensive or semi-intensive culture
systems.

3.2 Energy Use of Aquaculture
3.2.1 Energy Use of Current Global Aquaculture

The global distribution of current major aquaculture
(i.e., fish production is over 5% of the total global aq-
uaculture production) is shown in Figure 3, in terms of
climate, system intensity, natural trophic level of spe-
cies, and culture technology. Most of the aquaculture
practices are performed in warm climates using exten-
sive or semi-intensive culture systems (34,954,460
metric tons, 72% of total global aquaculture produc-
tion). In warm climate regions, a total of 7,953,839
metric tons (i.e., 16% of total global aquaculture pro-
duction) are produced using intensive culture systems
as a major culture system of the regions, including the
United States (232,635 metric tons, 52%), Angola
(159 metric tons, 54%), Peru (28,083 metric tons,
65%), Colombia (44,088 metric tons, 70%), Chile
(642,089 metric tons, 74%), Bangladesh (699,910
metric tons, 76%), Thailand (937,188 metric tons,
79%), Italy (150,702 metric tons, 87%), Oman (175
metric tons, 88%), Japan (1,110,284 metric tons,
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China, Canada, and the U.S. Among them, about 93%
is produced from extensive or semi-intensive culture

99%), and Malta (4,450 metric tons, 100%). On the
other hand, a relatively small amount of fish produc-

tion is found in cold climate (only 12% of total global systems.
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Figure 4: Compositions of production and energy use (bars) by country or country group, and
energy intensity (red diamond symbols) (Note: Below table shows annual production and energy
use; Aquaculture abbreviations include climate in W: warm climate and C: cold climate, culture
system in I: intensive and E: semi-intensive or extensive, culture species in H: high natural
trophic level species and L: low natural trophic level species, and culture technology in P: pond,
L: land-based, and M: marine-based; Country or country group abbreviations include NAM:
North America, LAC: Latin America and Caribbean, ECA: Europe and Central Asia, JAP: Ja-
pan, MNA: Middle East and North Africa, AFR: Sub-Sahara Africa, SAR: South Asia Region,
SEA: Southeast Asia, and CHN: China.)
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Table 3: Sum of square, mean square, F value, and P value for all the selected indicators and residuals

Source Sum of square Mean square F value P value
Regression 0.11 0.026 17 7.8E-08
Natural trophic level of species 0.044 0.044 6.2 0.017

System intensity 0.013 0.013 14 0.00074

Culture technology 0.036 0.036 29 3.9E-06

Climate 0.011 0.011 7.0 0.012
Residuals 0.059 0.0016

Lack of Fit 0.014 0.0021 1.4 0.23

Pure Error 0.044 0.0015

Table 4: Annual production and energy use of current global aquaculture (1 TJ = 10° MJ)

Case Production (tonnes/yr) (%) EneligMy }/n;ge)n sity E?%lﬁgrl;se
WELP 16,086,315 33 12.7 204,017
WELM 16,074,537 33 9.56 153,599
WILP 4,946,129 10 27.8 137,381
CELM 3,681,207 7.6 12.2 45,016
WEHP 2,480,157 5.1 16.9 41,825
CELP 1,641,198 34 16.9 27,734
WIHM 1,031,894 2.1 26.3 27,093
WIHP 555,783 1.1 43.0 23,912
WILM 1,199,448 2.5 18.5 22,199
CILP 181,602 0.37 43.1 7,839
CIHM 175,439 0.36 40.2 7,061
WILL 149,437 0.31 46.3 6,912
WIHL 72,048 0.15 83.0 5,981
CEHP 99,960 0.21 23.6 2,356
CIHP 30,069 0.062 75.7 2,277
WELL 124,762 0.26 17.6 2,201
WEHM 140,580 0.29 12.2 1,716
CIHL 5,119 0.011 192 981
CELL 21,206 0.044 24.9 527
WEHL 5,941 0.012 24.8 147
CILL 1,698 0.0035 834 142
CILM 2,032 0.0042 26.3 53
CEHM 1,391 0.0029 16.2 22
CEHL 0 0 37.5 0
Total 48,707,952 100 720,991

Note: W: warm climate, C: cold climate, I: intensive: E: semi-intensive or extensive, H: high natural
trophic level species, L: low natural trophic level species, P: pond, L: land-based, and M: marine-based;
No production case using CEHL was identified.
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Table 4 shows aquaculture production and estimated
energy use of current global aquaculture by culture
cases (i.e., the combined model indicators, for exam-
ple, WELP represents warm climate (W) extensive or
semi-intensive systems (E) for low trophic level spe-
cies (L) using pond (P) technology). Annual energy
use and production of aquaculture were approximately
720,991 TJ and 48,707,952 metric tons, respectively.
Since these data did not include some large aquacul-
ture producing countries (e.g., India, Indonesia, and
Vietnam), the estimated total global aquaculture pro-
duction was much less than world total aquaculture
production reported by FAO [10], which was
73,783,725 metric tons. Also, the NASO map may not
reflect all of the fish production capacity from each
country as it mainly relies on voluntary participation
of fish farmers. As a result, the amount of aquaculture
production from China estimated in this study
(42,669,806 metric tons) was lower than the annual
fish production from China (45,468,960 metric tons)
reported by FAO [10]. Although the NASO map data
does not represent the exact fish production capacity
from each country, the information was still useful as
a basis to estimate energy intensity of global aquacul-
ture using the model developed in Section 3.1.

According to Table 4, intensive land-based cul-
ture systems for high trophic level species production
under cold climate (i.e., CIHL) have the highest ener-
gy intensity (192 MJ/kg) due to the high energy re-
quirement for heating and operation of equipment to
maintain intensive culture conditions under cold
weather. On the other hand, due to less energy use for
heating and farm operation, extensive or semi-
intensive marine-based culture systems for low trophic
level species production under warm climate (i.e.,
WELM) have the lowest energy intensity (9.6 MJ/kg).

Despite the low energy intensity (12.7 MJ/kg), exten-
sive or semi-intensive pond systems to raise low
trophic level species in a warm climate (WELP) have
the highest energy use (204,017 TJ/yr) due to the larg-
est production scale, which accounted for approxi-
mately 33% of the total global aquaculture production.
For the same reason, WELM (i.e., extensive or semi-
intensive systems for production of low trophic level
species in warm climate using the marine-based tech-
nology) has the second highest energy use (153,599

TJ/yr). On the other hand, WILP (i.e., intensive pond
systems for production of low trophic level species
under warm climate) produces only 10% of the total
global aquaculture production, but it has the third larg-
est energy use (137,381 TJ/yr), due to the higher ener-
gy intensity requirement in intensive farming than ex-
tensive farming.

Based on the results, energy use of current glob-
al aquaculture was found to be strongly influenced by
the use of extensive marine-based technologies or
ponds. Due to their low energy intensities, aquaculture
is often considered as a low energy consuming prac-
tice, compared to other energy intensive industries
[46]. However, total energy use in aquaculture will
further increase since global fish demand will continu-
ously rise as the world population increases. Accord-
ing to FAO [47], global fish demand is projected to
increase at about 3% per year over the period from
2017 to 2025. To meet the increasing global fish de-
mand, aquaculture systems may change to be more
intensive and mechanized to maximize production
efficiency [48]. For instance, intensive land-based
RAS have been rapidly increasing in the United States
[16]. However, such systems require large energy in-
puts mainly due to pumping, heating/chilling, and
wastewater treatment. On the other hand, the expan-
sion of extensive culture systems (less energy inten-
sive) was not recommended due to its side effects,
such as the transformation of mangrove areas [48].
Considering these constraints, aquaculture has to find
a way to maximize productivity in an energy efficient
and environmentally friendly way.

Recently, an integration of natural systems
(e.g., wetlands and mangroves) or hydroponics with
intensive culture systems has gained attention as an
alternative RAS [15,41]. The systems can produce fish
as much as the typical land-based intensive RASs,
while require lower energy inputs by relying on natu-
ral systems for wastewater treatment. This type of sys-
tems can be categorized as extensive land-based sys-
tems (i.e., -E-L) in Table 4, which accounted for only
0.32% of total global aquaculture production. When
comparing energy use between extensive and inten-
sive land-based culture systems, intensive land-based
culture systems have energy use about 5 times larger
(14,016 TJ/yr) than that of extensive land-based cul-
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ture systems (2,875 Tl/yr), although the production
scale of intensive land-based culture systems is only
about 1.5 times greater. This means a considerable
amount of energy use can be saved by reducing the
energy intensive culture systems or replacing them
with more energy efficient culture systems.

In addition to energy use, the choice of aquacul-
ture system can result in different environmental im-
pact consequences. For instance, intensive shrimp
farming systems showed almost twice environmental
impacts than semi-intensive farming, mainly due to
higher energy use and higher nutrient concentration in
effluents [49]. On the other hand, land-based RAS had
lower environmental impacts than marine-based cul-
ture systems (e.g., net pen) in eutrophication emission
and biodiversity conservation [2]. Considering this,
global aquaculture should be expanded in energy effi-
cient and environmentally friendly ways.

3.2.2 Energy Use of Current Global Aquaculture
by Regions

Figure 4 shows the fish production, energy use, and
energy intensity of major aquaculture practices in each
region. More details on annual fish production from
each country can be found in Figure S5 in the support-
ing information.

In terms of the energy intensity of aquaculture
by regions, Europe and Central Asia (ECA) has the
highest energy intensity (0.032 TJ/tonne), followed by
North America (NAM), Southeast Asia (SEA), South
Asia Region (SAR), Japan (JAP), Latin America and
Caribbean (LAC), Sub-Sahara Africa Region (AFR),
Middle East and North Africa (MNA), and China
(CHN). In general, the high energy intensity is at-
tributed to the large percentage of intensive culture
and/or land-based systems. For instance, major prac-
tices in ECA are intensive marine or land-based cul-
ture (WILM and WIHL), which accounted for about
61% of total aquaculture production in the region. On
the other hand, major practices in CHN and MNA
(i.e., countries with the lowest energy intensities) are
extensive marine-based or pond culture, which ac-
counted for 80% and 82% of total aquaculture produc-
tion in the regions, respectively. In addition, choice of
culture species showed a significant impact on energy

intensity. For instance, most of the cultured species in
Japan have low natural trophic levels (85%), which
produced from intensive marine-based culture sys-
tems. The energy intensity in the region (0.020 TJ/
tonne) was less than that of NAM (0.028 TJ/tonne),
which used the same culture systems but for high nat-
ural trophic level species (66%).

According to Figure 4, energy use of aquacul-
ture increased as the production scale increased. As
expected, China had the largest production among
countries and country groups, consequently the high-
est energy use, even it had the lowest energy intensity
(0.014 TJ/tonne). However, some cases showed that
energy use was not proportional to the production
scale due to the influence of the energy intensity. For
instance, annual fish production in developing coun-
tries in LAC (i.e., 990,671 metric tons from Brazil,
Colombia, Costa Rica, Ecuador, Mexico, Nicaragua,
and Peru) was greater by 7.2% than that of SAR
(919,363 metric tons from Bangladesh), but its energy
use was lower by 32% (Figure S5 in the supporting
information). This is because fish farms in the devel-
oping countries in LAC have a lower energy intensity
of aquaculture (0.017 TJ/tonne) than that of SAR
(0.024 TJ/tonne). Therefore, for an energy efficient
growth of future global aquaculture, it is important for
major fish producing regions to maintain low energy
intensity (e.g., CHN), while for other regions, such as
ECA and NAM, to reduce their energy intensity.

3.3 Energy Use of Future Global Aquaculture

3.3.1 Energy Use with Various Scenarios of Aqua-
culture Development

The total global aquaculture production is projected to
increase by about 32%, from 48,707,952 metric tons
in 2015 to 64,455,978 metric tons in 2025. Expected
annual production in 2025 from each country can be
found in Figure S5 in the supporting information. Fig-
ure 5 shows the predicted energy intensities of global
aquaculture in 2025 for the 5 aquaculture growth sce-
narios as described in Section 2.2 (Table 2). Energy
uses in the figure were shown as relative differences
from the estimated annual energy use when global
aquaculture grows under the business as usual scenar-
i0 (954 TJ/yr). Average energy use in the figure indi-
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cates the mean energy use, considering all of the cases
which were considered in each growth strategy scenar-
i0. Maximum and minimum energy uses in the figure

(a)
Scenario 2 (Faster expansion)

Intensive systems increase

Energy use (TY/year)
Aveg. (+)19.7
Max : (+)62.6
Min.; (131,74

Energy imntensity (T.J/tonne)

Avg. 0.0151 %
Max.: 00158
Min.: 0.0148
(©
Scenario 4 (China)
M Business as usnal M Intensive systems increase
e e
B ¥
b ‘ . ‘”‘
b 3
| 4 *
Energy use (TJ/year) o N
Avg: (+)11.0
Max.: (+) 336 }
Min.: (+)0.002

Energy intensity (I.J/tonne)
Avg.: 0L0150
Max: 0.0153
Min.: 0.0148

are the estimated energy uses based on the specific
cases of the growth strategy scenario.

(b)
Scenario 3 (Slower expansion)

Intensive systems increase M Extensive or semi-intensive systems increase

L. ]

\

K,

Energy use (TJ/vear) b
Avg.: () 20.1

Max.; (+)3.06 .

Min: (-) 98.4

|

Energy intensity (TJ/tonne)

Avg.: 0.0145 X
Max.: 0.0149 N
Min.: 0.0133

(d)

Scenario 5 (Innovative and environmental friendly growth)

Integrated extensive-intensive land-based systems increase

Energy use (TJ/year)
Avg:(+)214
Max.: (+) 308
Min.: (+) 119

Energy intensity (IJ/tonne)
Avg. 0.0181
Max.: 0.0196
Min.: 0.0167

Figure 5: Estimated energy intensity and energy use of aquaculture production based on (a) Faster expan-
sion scenario, (b) Slower expansion scenario, (¢) China scenario, and (d) Integrated extensive land-based
system expansion scenario (Note: Energy use is relative to the energy use of baseline scenario (i.e., 954 TJ/

yr).)

For faster expansion scenario, the highest energy use
(+62.6 TJ/yr) was estimated when increasing intensive
culture systems for all trophic levels of species, while
the least energy use (+1.74 TJ/yr) was predicted by
increasing intensive marine-based culture systems
only for low trophic level species. The mean annual
energy use for faster expansion scenario was 973 TJ/
yr, which was higher than that of the business as usual
scenario by 19.7 TJ.

For slower expansion scenario, the highest an-
nual energy use was slightly larger than that of the
business as usual scenario (about +5.1 TJ/yr) when
increasing intensive culture systems for all trophic
levels of species in developed countries, and extensive
or semi-intensive pond systems only for high trophic
level species in developing countries. On the other
hand, the minimum energy use case was much less

than that of the business as usual scenario (-98.4 TJ/
yr) if intensive marine-based culture systems in-
creased only for low trophic species in developed
countries, along with the extensive or semi-intensive
culture system increased for all trophic levels of spe-
cies in developing countries. The average annual ener-
gy use for slower expansion scenario was 933 Tl/yr,
which was lower than that of the business as usual
scenario by 20.1 TJ.

Due to the large production scale in China,
change in the distribution of culture systems in the
country resulted in a significant energy use increase
compared with the business as usual scenario. The
maximum annual energy use case occurred when in-
tensive culture systems (with all types of culture tech-
nologies) increased for all trophic levels of species
(+33.6 TJ/yr). However, an increase in intensive land-
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based culture systems only for high trophic level spe-
cies in China resulted in the minimal annual energy
use variation (+0.002 TJ/yr). This is because current
Chinese aquaculture largely relies on extensive or
semi-intensive culture systems for low trophic species
production (Figure 4). Thus, increasing intensive cul-
ture systems for high trophic level species led to the
negligible variation. The average annual energy use
for China scenario was 965 TJ/yr, which was higher
than that of the business as usual scenario by 11 TJ.

Scenario 5 was to increase in integrated exten-
sive land-based culture systems to meet 30% of aqua-
culture production. Since land-based culture systems
require relatively higher energy intensities than other
types of culture systems, increasing land-based culture
systems across the world resulted in much larger an-
nual energy use than that of the business as usual sce-
nario. The highest annual energy use (+308 TJ/yr) was
found with an increase in extensive land-based culture
systems only for high trophic level species. For this
growth scenario, the least annual energy use was still
higher than that of the business as usual scenario by
119 Tl/yr, which considered an increase in extensive
land-based culture systems only for low trophic level
species. The average annual energy use for the scenar-
io 5 was 1,167 TJ/yr, which was higher than that of
the business as usual scenario by 214 TJ.

Among the growth scenarios, the integrated
extensive land-based system expansion scenario (5)
had the highest average energy intensity, followed by
faster expansion scenario, China scenario, and slower
expansion scenario. This is because the land-based
culture systems are increased across all 3 cases in the
scenario 5 which have higher energy intensity than
pond or marine-based culture systems. China scenario
(scenario 4) showed comparable energy intensity to
faster expansion scenario due to the increased inten-
sive systems across all 9 cases in both scenarios.
Slower expansion scenario had the lowest average en-
ergy intensity than other growth scenarios due to the
combined growth strategy (i.e., extensive culture sys-
tems for developing countries and intensive culture
systems for developed countries). Based on the results,
the lowest energy use of future global aquaculture can
be achieved by increasing less energy intensive culture
systems in the large aquaculture production regions

(e.g., CHN) and energy intensive but more productive
culture systems in the small aquaculture production
regions (e.g., ECA). Specifically, energy use in global
aquaculture would be greatly reduced as more fish are
produced from intensive marine-based culture systems
for low trophic level species in developed countries
and extensive culture systems for all trophic levels of
species in developing countries as seen in the slower
expansion scenario. The importance of the selective
extensification of global culture systems to reduce the
energy use and greenhouse gas emissions was also
addressed by Johnson et al. [S0]. Meanwhile, a change
of fish production method in China showed a large
energy intensity increase compared to the baseline
scenario due to the largest contribution of China to
global aquaculture production. Therefore, it seems that
advances in technologies and management to improve
energy efficiencies in Chinese aquaculture while re-
ducing the energy intensity of fish production in other
regions would be important for future global aquacul-
ture growth.

3.3.2 Climate Change Impacts on Energy Use in
Aquaculture

In addition to the various growth strategies for aqua-
culture, climate change can have a significant impact
on energy use of aquaculture. Therefore, the most en-
ergy efficient growth strategy should be determined by
considering the trend of climate change for future.
Figure S6 in the supporting information shows future
aquaculture classified by culture systems and climate
zones corresponding to the climate conditions in 2025
predicted based on the B1 and A1F1 climate change
scenarios. Affected aquaculture sites by climate
change include China, Japan, the United States, LAC
(Chile and Peru), MNA (Iran), and ECA (Italy). As a
result, the A1F1 climate change scenario showed a 4%
increase in warm climate zone and a 40% decrease in
cold climate zone, compared with the current climate
condition. On the other hand, the B1 climate change
scenario showed a 1% decrease in warm climate zone
and a 9% increase in cold climate zone.

Based on the two future climate change scenari-
os, energy use of future global aquaculture was re-
estimated with the various growth strategies (Table 5).
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In general, it was observed that warm climate zones
would be more dominant in major aquaculture produc-
ing countries by 2025, leading to the reduced energy
intensity of global aquaculture production. For both
climate change scenarios, the lowest energy use was
found with slower expansion scenario, followed by
faster expansion scenario, China scenario, and inte-
grated extensive land-based system expansion scenar-
10, similar as discussed in Section 3.3.1.

When compared to the energy use results of
different growth strategies without climate change
(Figure 5), the Bl scenario showed reduced energy
uses by about 3.9 TJ/yr for all growth strategies while
the A1F1 scenario resulted in lower or higher energy
uses depending on growth strategies. Although the B1
scenario showed a slightly reduced warm climate zone
area than no climate change scenario, it led to the less
energy uses for all growth scenarios because energy
intensities decreased in major aquaculture production
countries due to the climate alternation. For instance,
with the maximum energy use case in the slower ex-
pansion scenario, 54,705 metric tons of annual fish in
the U.S., which were typically produced under cold
climate conditions, shifted to warm climate conditions
by 2025. Also, about 330,720 metric tons of fish in
China were produced under warm climate conditions
by 2025 instead of cold climate conditions.

For A1F1 climate change scenario, the average energy
uses were also lower than those without climate
change by 10-15 TJ/yr for different growth scenarios.
However, the slower expansion with the A1F1 climate
change scenario showed a higher average annual ener-
gy use (961 TJ/yr) than the scenario without climate
change (934 TJ/yr). Unlike the results with the B1 sce-
nario, the A1F1 scenario resulted in more aquaculture
production under cold climate conditions in China,
although the scenario showed a larger dominant area
of warm climate zones globally compared to the Bl
scenario. For instance, considering the slower expan-
sion with the A1F1 climate change scenario, about
81,015,020 metric tons of additional fish were pro-
duced under cold climate conditions by 2025, com-
pared to the amount of fish production under cold cli-
mate conditions in the scenario without climate
change. As a result, the energy intensity of Chinese
aquaculture was higher (0.0142 TJ/tonne) than those
of Bl scenario (0.0136 TJ/tonne) and the scenario
without climate change (0.0137 TJ/tonne). Due to the
largest contribution of Chinese aquaculture (about
88% of total global aquaculture in this study), the av-
erage annual energy use of slower expansion scenario
was much higher under the A1F1 climate prediction
(0.0149 TJ/tonne), compared to that of slower expan-
sion scenario without climate change (0.0145 TJ/tonne
in Figure 5-(b)).

Table 5: Estimated energy intensity and energy use of global aquaculture with the B1 and A1F1 climate

change scenarios

Climate Scenario Bl Scenario A1F1
Energy intensity Energy use Energy intensity Energy use
(TJ/tonne) (TJ/yr) (TJ/tonne) (TI/yr)

Growth Mean Max  Min  Mean Max Min Mean Max  Min Mean  Max Min
Scenario 1 0.0148 950 0.0147 944
Scenario 2 0.0151 0.0157 0.0148 970 1,012 952 0.0149 0.0156 0.0144 959 1,005 926
Scenario 3 0.0145 0.0149 0.0133 930 956 853 0.0149 0.0153 0.0138 961 987 886
Scenario 4 0.0149 0.0153 0.0148 961 984 950 0.0148 0.0152 0.0142 951 977 915
Scenario 5 0.0181 0.0196 0.0166 1,164 1,259 1,070 0.0179 0.0192 0.0166 1,153 1,238 1,065

Note: Scenario 1 is business-as-usual, Scenario 2 is faster expansion, Scenario 3 is slower expansion, Scenario 4 is China, and

Scenario 5 is integrated extensive land-based system expansion.
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CONCLUSION

This study investigated the energy intensity of aqua-
culture using a modeling approach with the key aqua-
culture factors of the natural trophic level of species,
culture technology, system intensity, and climate. All
the indicators were found to be statistically significant
and the developed energy intensity model showed an
acceptable predictability. Using the energy intensity
model, the energy use of global aquaculture was in-
vestigated, based on current and future global aquacul-
ture distributions as well as climate change.

China accounted for the majority of total energy
use in current global aquaculture due to its large pro-
duction scale. Energy burdens of future global aqua-
culture were dependent on the growth strategy. For
instance, with the selective extensification of aquacul-
ture (i.e., the increase in extensive culture systems in
developing countries), approximately 100 TJ of annu-
al energy use could be saved, compared with the 2025
baseline scenario. On the other hand, the increase in
intensive systems in aquaculture worldwide to maxim-
ize production efficiency would make the sector more
energy intensive (up to +62.6 TJ/year compared to
2025 baseline scenario). Therefore, a careful consider-
ation should be given to the aquaculture expansion,
especially for large aquaculture producers, such as
China and Latin America and Caribbean (LAC) re-
gions. The A1F1 climate change scenario could allevi-
ate energy burdens compared with the scenarios of no
climate change and B1, due to the lower energy inten-
sity for fish production under warm climate condi-
tions. However, the impacts of climate change on the
energy use of future aquaculture should be further in-
vestigated with more accurate global aquaculture data
for other major aquaculture producers (e.g., India and
Indonesia). The proposed energy intensity model can
be a useful tool for policy makers to provide insights
into modeling and developing energy strategies in
global aquaculture. Future models can be integrated
with life cycle assessment and system dynamics ap-
proaches to evaluate environmental impacts and inves-
tigate dynamic interactions among economic factors,
environmental impacts, and social aspects.
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Supplementary file
S1. Table
Table S1: Energy use data in aquaculture
Energy
q intensi-
# Species th;lsstietm n= E(:lll;ure (gl Location Production (kg) ty References
y LA (MJ/kg
fish)
1 Trout (Very Intensive Flow-through France (Aquitaine 1000 FU 78
large sized) Raceway and Bretagne)
2 Trout (large Intensive Flow-through France (Aquitaine 1000 FU 58
sized) Raceway and Bretagne)
Trout (portion . Flow-through France (Aquitaine
3 sized) Extensive Raceway and Bretagne) 1000 FU 42 Papatryphon
4 Trout (Very Extensive Flow-through France (Aquitaine 1000 FU 57 et al., 2005
large sized) Raceway and Bretagne)
5 Trout (large Extensive Flow-through France (Aquitaine 1000 FU 41
sized) Raceway and Bretagne)
6 Trout (portion Extensive Flow-through France (Aquitaine 1000 FU 30
sized) Raceway and Bretagne)
7 Trout Intensive RAS Denmark 1000 FU 71 Samul-Fitwi
etal., 2013
8 Trout Intensive RAS Denmark 478000 Annual | 63
9 Salmon Intensive Flow-through France (Murgat 478000 | Annual | 44 d'Orbcastel
Raceway SAS) et al., 2009
10 | Trout Intensive Flow-through | France (Murgat 1 478000 | Annual | 35
Raceway SAS)
11 Shrimp Intensive RAS US (Hawaii) 1800 FU 95 Sun, 2009
12 Shrimp Extensive Flow-through Thailand na 46 I;/(I)Lér;gkung,
13| Turbot Intensive RAS France (Brittany, | 70000 | Annual | 281
north-western)
14 | Trout Intensive Flow-through France (Aquitaine, 330000 Annual | 68 Aubin et al.,
Raceway south-western)
- 2009
Greece (Ecoikos
15 Seabass Intensive Cage Gulf, north of Ath- | 256000 Annual | 49
ens)
16 | Shrimp (white) Intensive Pond Thailand 1000 FU 26 Lebel et al.,
17 | Shrimp (black) | Extensive Pond Thailand 1000 FU 38 2010
18 Salmon Extensive Cage Norway 626000 Annual | 2
19 | Salmon Extensive Cage UK 132000 | Annual | 2 Pelletier et
20 Salmon Extensive Cage Canada 102000 Annual | 2 al., 2009
21 Salmon Extensive Cage Chile 386000 Annual | 2
Smolts Semi-
22 . . Flow-through us 192000 Annual | 41
(young salmon) intensive
Semi-
23 Smolts . . Flow-through Us 192000 Annual 113
intensive
Semi- Colt et al.,
24 | Smolts ; . RAS [N 192000 | Annual | 65 2008
ntensive
Semi-
25 Smolts : . RAS Us 192000 Annual 198
intensive
26 | Smolts semi- RAS UsS 192000 | Annual | 78
ntensive
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. Finland
27 Trout Extensive Cage (Archpelago arca) 1000 FU 43
. Finland
28 Trout Extensive Cage (Archpelago area) 1000 FU 32
. Finland
29 Trout Extensive Cage (Archpelago arca) 1000 FU 3.5
30 | Trout Extensive | Cage Finland 1000 FU 3.8 Silvenious &
(Archpelago area) Gronroos,
. Finland 2003
31 Trout Extensive Cage (Archpelago area) 1000 FU 5.2
32 Trout Extensive Funnel Finland 1000 FU 4
33 | Trout Intensive | S22 (closed | pyppang 1000 FU 15
float)
34 Trout Intensive Ponq Finland 1000 FU 77
(marine)
. Semi- Colombia (Bay of Larsson et al.,
35 Shrimp intensive Pond Barbacoas area) 4000 kg/ha/yr a4 1994
36 Salmon Intensive Cage Scotland na 23 %egvsvart etal,
37 Salmon Intensive Cage Baltic Sea 40000 Annual 20 Folke, 1988
Ellingsen &
38 Salmon Extensive Cage Norway 0.2 FU 13 Aanondsen,
2006
39 Cai Semi- Pond Hungary (Szarvas) | 300000 Annual 48
P intensive gary
Semi-
40 Carp intensive Pond Hungary (Szarvas) | 300000 Annual 23
41 Catfish Extensive Pond Hungary (Szarvas) | 300000 Annual 10
) chr;ﬁSh’ tilapia, | gy iensive | Pond Hungary (Szarvas) | 300000 | Annual 9
43 Catfish, tilapia, Extensive Pond Hungary (Szarvas) | 300000 Annual 10
carp, mussel )
44 Catfish Extensive Pond Hungary (Szarvas) | 300000 Annual 32 g’o%g tal,
45 CC;r;ﬁSh’ tilapia, Extensive Pond Hungary (Szarvas) | 300000 Annual 27
46 Catfish, tilapia, Extensive Pond Hungary (Szarvas) | 300000 Annual 30
carp, mussel
47 Catfish Intensive Pond Hungary (Szarvas) | 300000 Annual 68
48 g;rtpﬁSh’ tilapia, Intensive Pond Hungary (Szarvas) | 300000 Annual 37
49 Catfish, tilapia, Intensive Pond Hungary (Szarvas) | 300000 Annual 78
carp, mussel
50 | Tilapia Intensive | RAS Netherlands 1E+11 | Annual 19 Bding etal.
51 Tilapia Intensive RAS Switzerland 1840 Annual 772 Heeb &
52 | Tilapia Intensive RAS Switzerland 1840 Annual 570 Wyss, 2009
53 Catfish Intensive RAS Netherlands 100000 Annual 3 .
Eding &
54 Eel Extensive RAS Netherlands 100000 Annual 25 Kamstra,
55 Turbot Extensive RAS Netherlands 100000 Annual 36 2002
56 Tilapia Intensive Pond Indonesia 600000 Annual 16 Pelletier &
- Tyedmers,
57 Tilapia Intensive Lake - Net Indonesia 4465000 1 Annual 13 2(})] 10
pen 0
58 Salmon Semi- Net pen Canada 3600000 | Per grow- 3
intensive out cycle
59 | salmon Semi- Floating bag | ;1244 416000 | Pererow- ¢ Ayer &
intensive system out cycle
Semi- Per grow- Tyedmers,
60 Salmon : . Flow-through | Canada 96200 g 48 2009
intensive out cycle
61 Salmon Intensive RAS Canada 46200 Per grow- 92
out cycle
. .. Westoby &
62 Catfish Intensive Pond US (Luisiana) na 21 Kase, 1074
63 Rohu Intensive Pond India (Delhi) na 29 Tiwari &
64 Rohu Intensive Pond India (Delhi) na 17 Sarkar, 2006
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65 Oysters Intensive RAS US (Hawaii) na 211
66 Lake Perch | Intensive RAS US (Wisconsin) na 189
- Bardach, 1980
Carp, tilap-
67 ia, and Semi-intensive Pond Israel na 22
mullet
68 Seabass Intensive Cage Thailand na 20 Pillay, 1990
69 Shrimp Intensive Pond Thailand na 61 Shang, 1992
70 Catfish Intensive Pond [N na 58 li(g;v; tscher & Mayer,
71 Prawn Intensive Pond US (Hawaii) na 4 Bardach, 1980
72 Salmon Extensive Cage British Columbia, na 4
Canada
— - Tyedmer, 2000
. British Columbia,
73 Salmon Extensive Cage na 7
Canada
74 Carp Intensive Pond {g)d ia (Punjab, Patia- | . 26
75 Carp Intensive Pond {:)d ia (Punjab, Patia- | 27
76 Carp Intensive Pond {:)d ia (Punjab, Patia- | 26
77 Carp Intensive Pond {g)d ia (Punjab, Patia- na 24
- - - Singh & Pannu, 1998
78 Carp Intensive Pond {g)d ia (Punjab, Patia- na 24
79 Carp Intensive Pond {:)d ia (Punjab, Patia- | 19
80 Carp Intensive Pond {:)d ia (Punjab, Patia- | 33
81 Carp Intensive Pond {g)d ia (Punjab, Patia- na 26
82 Catfish Intensive Pond US (Mississippi) na 19 %’cél;irop & Dillard
83 bGar;)Super/ Intensive Cage Indonesia na 32
84 Tilapia Semi-intensive Pond Malawi na 24 Stewart. 1995
85 Mussel Intensive Long-line Scotland na 5
86 Salmon Intensive Cage Scotland na 21
87 Tilapia Semi-intensive Pond Zimbabwe na 21 Berg et al., 1996
88 Tilapia Intensive Cage Zimbabwe na 26
89 Salmon na na na na 37
90 Tilapia Intensive na na na 23
- Costa-Pierce (2002)
91 Milkfish na na na na 12 & Troell et al. (2004)
92 Oysters na na na na 1
93 Pangasius na na na na 34
94 Carp Intensive Pond Asia na 40
95 Tilapia Semi-intensive Pond Indonesia na 40
96 Trout Intensive Cage Finland & Ireland na 40
97 Mussel na Long-line Europe na 1
98 Tilapia Semi-intensive na Aftrica na 60 Costa-Pierce, 2010
100 Catfish na Pond na na 84
101 Shrimp Semi-intensive Pond Ecuador na 40
102 Salmon na Cage Canada & Sweden na 45
103 Oysters Intensive Tanks US na 586
Facility (Lakeland,
104 Tilapia Semi-intensive RAS (aquaponics) US (Florida) - 16 FL)
Kim et al. 2015
Facility (Sarasota,
105 Red drum Intensive RAS US (Florida) - 81 FL)
Kim et al. 2015
Facility (Sarasota,
106 Red drum Semi-intensive RAS (aquaponics) US (Florida) - 25 FL)
Boxman et al. 2017

Note: RAS is a recirculating aquaculture system, FU is the functional unit, “na” indicates not available, and “-” represents the information was
omitted due to the confidentiality.
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S2. Scenarios for future global aquaculture growth

Future global aquaculture growth scenarios were
adapted from Delagado et al. (2003) and Msangi et al.
(2013). Expected annual average growth rates of aqua-
culture by different regions or group of countries were
also obtained from their studies (Table S2). For future
scenarios, it was assumed that there was no change in
species, culture technology, and system intensity used
for the current global aquaculture, except for the sce-
nario of innovative and environmentally friendly
growth, which was the addition of extensive land-
based culture technology to meet 30% of the total fish
demand in each country. Therefore, only a proportion
of fish production (mass of production) from each pro-
duction case in a country was changed depending on
scenarios. Energy demands were calculated for each
of the global aquaculture production elements in five
different scenarios to 2025 based on several assump-
tions.

Current global aquaculture

This involved the 23 combinations of aquaculture sys-
tems in 2015 based on the NASO map (NASO, 2012).
Total global aquaculture production is approximately
48,708,952 metric tons/yr.

Scenario 1: Baseline scenario 2025 (as usual)

This scenario assumes no change in species and pro-
duction methods. All aquaculture businesses would be
equally expanded during the 2015-2025 period. Aqua-
culture production in 2025 is 64,455,978 metric tons/
yr. Annual growth rates of aquaculture for each region
were obtained from Delagado et al. (2003) and Msangi
et al. (2013).

Scenario 2: Faster growth

This scenario assumed there would be an active infor-
mation sharing on culture technology for improving
production efficiency around the globe, such as im-
provements in feed conversion ratio and water quality
management skills, etc. These would allow fish farms
to be more intensive. Therefore, a 3% annual growth
rate of the proportion from intensive systems around
the globe was assumed. Other systems using semi-
intensive or extensive systems were annually dimin-
ished in a proportional manner. Total aquaculture pro-

duction in 2025 is 64,455,978 metric tons/yr.

Scenario 3: Slower growth

This scenario assumed that the active information
sharing on culture technology for improving produc-
tion efficiency would only occur in developed coun-
tries. Therefore, it was assumed that the intensive sys-
tems would increase in developed countries by a 1%
of annual growth rate, while semi-intensive or exten-
sive systems would increase in developing countries
by a 1% of annual growth rate. Total aquaculture pro-
duction in 2025 is 64,455,978 metric tons/yr.

Scenario 4: China

China has currently the largest share of aquaculture
production (about 62% of the total aquaculture pro-
duction in 2012) showing a notable annual growth rate
(FAO, 2014). According to Msangi et al. (2014), Chi-
na in 2030 is expected to produce about 58% of aqua-
culture production while accounting for 38% of global
consumption of food fish. Considering this, China will
increasingly impact on the global fish markets. This
scenario investigated how fish production in China
might affect the energy demand of the global aquacul-
ture. It was assumed that intensive systems in China
would be expanded by a 3% of annual growth rate,
while fish production from semi-intensive or extensive
systems would be declined in a proportional manner.
Total aquaculture production in 2025 is 64,455,978
metric tons/yr.

Scenario 5: Integrated extensive land-based system

This scenario assumed that advances in technology
and management of land-based technologies. It was
assumed that the integration of extensive systems into
intensive land-based culture systems could contribute
to improvements in resource use efficiency and water
quality management. For instance, wetland systems
were used to treat effluents from intensive fish farms
(Costa-Pierce, 1998). Also, a combination of aquacul-
ture and algae system was suggested by treating the
effluents of intensive fish production in an extensive
algal pond (Kerepeczki & Pekar, 2005). The systems
would allow aquaculture to reduce water and environ-
mental burdens while maintaining a high production
yield. By assuming that these integrated intensive-
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extensive systems would be more promoted, it was S3. Figures
assumed that 30% of the fish demands in countries —
were met by the combined extensive-intensive "
(extensive in the manuscript) land-based technologies. 5w
Total aquaculture production in 2025 is 64,455,978 2 "
metric tons/yr. g,
U
; 200
Table S2: Average annual growth rates of aquacul- i "y bt ; % : ;
ture in different regions to 2025 i ! e
“ -100
200
ﬁ;«:‘lz:gle R I ,\\“‘\ & &\a AR
. . . & o \‘} o 3 & & o &
Categories Regions Countries growth rates & N
(%) Species
NAM CA 0.005134
LAC CL 0.011416
Figure S1: Average energy intensity per kg pro-
ECA IT 0.026527 duction of species in aquaculture (Note: Energy
Developed JAP P 0.008916 intensity was averaged using data collected for this
study.)
ECA MT 0.026527
MNA OM 0'0478 1 6 ARCTIC OCEAN ARCTIC OCFAN
NAM Us 0.005134 baa S
MNA AE 0.047816
AFR AO 0.062311
SAR BD 0.049862
LAC BR 0.011416
CHN CN 0028675 % SOUTHERN OCEAN :
SOUTHERN OCEAN ;
AFR CM 0.062311
LAC CO 0.011416
Developing
LAC CR 0~01 1416 ARCTIC OCEAN J . ’? 4 = 5 ARCTIC OCEAN
LAC EC 0.011416
MNA IR 0.047816
LAC MX 0.011416
LAC NI 0.011416
LAC PE 0.011416
SEA TH 0.043342 T

Note: Europe and Central Asia (ECA), North America (NAM),
Southeast Asia (SEA), South Asia Region (SAR), Japan (JAP),
Latin America and Caribbean (LAC), Sub-Sahara Africa Re-
gion (AFR), Middle East and North Africa (MNA), and China
(CHN); Canada (CA), Chile (CL), Italy (IT), Japan (JP), Mal-
ta (MT), Oman (OM), United States (US), United Arab Emir-
ates (AE), Angola (AO), Bangladesh (BD), Brazil (BR), China
(CN), Cameroon (CM), Columbia (CO), Costa Rica (CR), Iran
(IR), Mexico (MX), Nicaragua (NI), Peru (PE), and Thailand
(TH)

SOUTHERN.OCEAN &5
s e

- i . ¢
il B - ©

Figure S2: (a) Koppen-Geiger climate classification
map (red: tropical, yellow: arid, green: temperate,
blue: cold, and white: polar) and (b) Re-grouped
global climate zones (orange: arid, temperate, or
tropical climate, white: cold or polar climate)
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Global aquaculture production with climate zone

Aquaculture

Fish farms within and, temperate, or tropical climate

Fish farms within cold or polar climate
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Figure S4: Diagnostic residual plots against (a) Trophic level, (b) Intensity of production system, (c) Type
of production system, (d) Climate, (e) Fitted values , and (f) Normal probability plot
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Figure S4 shows diagnostic residual plots against each predictor and fitted values and a normal probability plot.
None of these plots suggested any gross inadequacies of the regression model. The coefficient of correlation
between the ordered residuals and their expected values is 0.982. With 42 data, the critical value for the coeffi-
cient of correlation, between the ordered residuals and their expected values under normality is 0.972 at a 0.05
significance level (Looney et al., 1985). Since the coefficient of correlation between the ordered residuals and
their expected values (0.982) was greater than 0.972, the assumption of normality was reasonable.

Encrgy Intensity (THtonmes)

0078
oo
Energy 2015 2028
Category Reglons Countries ntensity | produciion | Energywse | Production | Energy use
(TMtannes) | gannesivr (TIhn) [T (Tovth
United
MMNA Arals s 1687 Th 2691 121
Emurates
AFR Angola LI e | s’ ol [ 534 11
SAR Bangladesh 0024 919,353 22045 1495573 35,804
LAC Brar| s WL, 716 61071 453,364 i, B0
CHN Chima [XE ] 42,6650 806 597317 56611070 TO2.555
AFR Camenaon L] 120 2 10 3
Developing LAC Colombia 0044 63,380 2,789 T0.59 3124
LAC Costa Rica LU 21390 7R 23,961 311
LAC Ecuador 003 160,542 2091 180176 2342
MMNA Irana L 183,600 2,75 292,504 4,394
LAC Mexico LT k] 281548 3665 315839 4106
LAC MNicAragia 003 15310 199 17150 223
LAC Peru 0038 43,085 1637 48,264 1834
SEA Thmland 002G 1185196 30215 1811579 47,11
NAM Canada 0034 145,766 5058 156,382 5324
LAC Chale 023 867613 19,955 971.503 22354
ECA Italy 32 236,466 5430 307.237 TG
Developed JAP Japan 0020 1117269 22345 1220976 24,420
ECA Aialta 26 4450 116 782 150
MNA Chnnn 0075 159 15 37 24
Nay | Thelmied 1y 00 445453 11582 168,556 12,190
Stales

Figure S5: Energy intensity of aquaculture in 2015 (an upper figure), annual fish production and energy
use in 2015, and expected annual fish production and energy use in 2025 (a bottom table) (Note: Europe
and Central Asia (ECA) North America (NAM), Southeast Asia (SEA), South Asia Region (SAR), Japan
(JAP), Latin America and Caribbean (LAC), Sub-Sahara Africa Region (AFR), Middle East and North
Africa (MNA), and China (CHN).)
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Figure S6: Future global aquaculture distributions with (a) B1 climate change scenario and (b) A1F1 cli-
mate change scenario with consideration of business-as-usual growth scenario (Note: Extensified system
includes extensive and semi-intensive culture systems and red dotted circles indicate the affected sites by
climate change.)
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S4. Model development
R Codes used for model development

> mydata <- read.table("task11.csv", header=TRUE,
Sep:“’ll)

>Im1 <-Im
(Y~X1+X2+X3+X4+x1x2+x1x3+X1x4+x2x3+Xx2x4+x3X
4+x1.2+x2.2+x3.2+x4.2, data=mydata)

> summary(lIm1)

Call:

Im(formula =Y ~ X1 + X2 + X3 + X4 + x1x2 + x1x3 +
x1x4 + x2x3 +

X2x4 + x3x4 + x1.2 + x2.2 + x3.2 + x4.2, data = my-
data)

Residuals:
Min 1Q Median 3Q Max
-280.07 -28.83 -6.41 15.90 393.93

Coefficients: (6 not defined because of singularities)
Estimate Std. Error t value Pr(>|t|)
(Intercept) 56.4169 48.7769 1.157 0.255727

X1 0.5263 25.4114 0.021 0.983600

X2 21.2869 25.1610 0.846 0.403630

X3 108.6057 27.3067 3.977 0.000359 ***
X4 72.8379 20.4043 3.5700.001120 **
x1x2 NA NA NA NA

x1x3 -0.5431 23.9727 -0.023 0.982063

x1x4 12.1547 21.5890 0.563 0.577237
X2x3 NA NA NA NA

x2x4 NA NA NA NA

x3x4 63.0452 20.1064 3.136 0.003593 **
x1.2 NA NA NA NA

x2.2 NA NA NA NA

x3.2 68.6509 47.4661 1.446 0.157521
x4.2 NA NA NA NA

Signif. codes: 0 *** 0.001 ** 0.01 ** 0.05"" 0.1 " 1

Residual standard error: 112.9 on 33 degrees of free-
dom

Multiple R-squared: 0.5345, Adjusted R-
squared: 0.4216

F-statistic: 4.736 on 8 and 33 DF, p-value: 0.0006211

> anova(lm1)
Analysis of Variance Table

Response: Y

Df Sum Sq Mean Sq F value Pr(>F)
X1 1 30743 30743 2.4100 0.130098
X2 1 8564 8564 0.6714 0.418447
X3 1132902 132902 10.4185 0.002818 **
X4 1157686 157686 12.3614 0.001298 **
x1x3 1 852 852 0.0668 0.797690

x1x4 1 7248 7248 0.5682 0.456335
x3x4 1118592 118592 9.2967 0.004500 **
x3.2 1 26684 26684 2.0918 0.157521

Residuals 33 420960 12756

Signif. codes: 0 *** 0.001 **' 0.01 * 0.05°." 0.1 ‘" 1
Interaction effect between X3 and X4 is significant
at 0.05 of a significance level.

> Im2 <- Im(Y~X1+X2+X3+X4+x3x4, data=mydata)

> summary(Im2)

call:

Tm(formula = Y ~ X1 + X2 + X3 + X4 + x3x4,
data = mydata)

Residuals:

Min 1Q Median 3Q Max
-263.47 -27.25 -1.29 14.75 410.53
Coefficients:

Estimate Std. Error t value Pr(>|t|)

(Intercept) 120.56  18.75 6.431 1.85e-07 ***
X1 20.48 20.27 1.0110.318938

X2 39.62 20.57 1.926 0.062051 .

X3 82.91 19.22 4.313 0.000120 ***
X4 72.97 20.04 3.6410.000847 ***
x3x4 62.02 19.55 3.1730.003081 **

Signif. codes: 0 *** 0.001 ** 0.01 ** 0.05°." 0.1 *’ 1

Residual standard error: 111.7 on 36 degrees of free-
dom

Multiple R-squared: 0.5037, Adjusted R-
squared: 0.4347

F-statistic: 7.306 on 5 and 36 DF, p-value: 8.193e-05
Since the result showed that X1 and X2 are not
significant, the Boxcox transformation was used.

> Tm3 <- Tm(YA-0.5~X1+X24+X3+X4+x3x4, da-
ta=mydata)

> summary(1m3)

call:

Tm(formula = YA-0.5 ~ X1 + X2 + X3 + X4 +
x3x4, data = mydata)

Residuals:

Min 1@ Median 3Q Max
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-0.06576 -0.02858 0.00478 0.01756 0.07125
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 0.145150 0.006637 21.870 <
2e-16 ***

X1 -0.019678 0.007176 -2.742
0.009450 **

X2 -0.027580 0.007283 -3.787
0.000559 #**

X3 -0.037128 0.006807 -5.454
3 73e_06 Fedek

X4 -0.019541 0.007095 -2.754
0.009172 **

x3x4 -0.009673 0.006920 -1.398
0.170733

Signif. codes: 0 “***’ (0,001 ‘**’ 0.01 ‘*’
0.05 ‘.7 0.1 1

Residual standard error: 0.03953 on 36 de-
grees of freedom
Multiple R-squared:
squared: 0.6142
F-statistic: 14.05 on 5 and 36 DF,
1.228e-07

0.6612, Adjusted R-

p-value:

> Tm4 <- Tm(1og(Y)~X1+X2+X3+X4+x3x4, da-
ta=mydata)

> summary(1m4)

call:

Tm(formula = Tog(Y) ~ X1 + X2 + X3 + X4 +
x3x4, data = mydata)

Residuals:

Min 1Q Median 3Q Max

-1.0762 -0.3398 -0.1074 0.4194 1.2909

Coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 4.1113 0.1008 40.783 <
ze_16 ek

X1 0.2342 0.1090 2.149
0.038465 *

X2 0.3775 0.1106 3.412
0.001607 **

X3 0.6364 0.1034 6.156
4.31e-07 **x*

X4 0.3882 0.1078 3.602
0.000945 **=*

x3x4 0.2632 0.1051 2.504
0.016934 *

Signif. codes: 0 “***’ (0.001 ‘**’ 0.01 ‘*’
0.05 ‘.7 0.1 “ "1

Residual standard error: 0.6005 on 36 de-
grees of freedom

Multiple R-squared: 0.6586, Adjusted R-
squared: 0.6112

F-statistic: 13.89 on 5 and 36 DF, p-value:
1.404e-07

Table $3 R? and adjusted R? for different transfor-
mation methods

Transformation R? adjusted R?

Y’ =Y-0.5 0.6612 0.6142

Y’ = In(Y) 0.6586  0.6112

> Tm5 <- Tm(YA-0.5~X1+X2+X3+X4, data=mydata)
> summary(1m5)
call:

Im(formula = YA-0.5 ~ X1 + X2 + X3 + X4, da-
ta = mydata)

Residuals:

Min 1Q
-0.065533 -
0.033210 0.006833 0.023263 0.071246

Median 3Q Max

Coefficients: Estimate Std. Er-

ror t value Pr(>|t]|)

(Intercept) 0.148805 0.006178 24.085 <
2e_16 ek

X1 -0.017819 0.007142 -2.495
0.017193 =

X2 -0.027649 0.007377 -3.748
0.000607 ***

X3 -0.037348 0.006892 -5.419
3.85e-06 ***

X4 -0.019272 0.007184 -2.683

0.010851 *

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 “*’
0.05 .7 0.1 " 1

Residual standard error: 0.04004 on 37 de-
grees of freedom

Multiple R-squared: 0.6428, Adjusted R-
squared: 0.6042

F-statistic: 16.65 on 4 and 37 DF, p-value:
6.893e-08

> outlierTest(Im5)

No Studentized residuals with Bonferonni p <
0.05
Largest |rstudent]:

rstudent unadjusted p-value Bonferonni p
30 2.153268 0.038071 NA
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ANOVA and Lack of fit test from MINITAB software

Analysis of Variance

Source DF Seq SS Adj SS Adj MS F P
Regression 4 0.104958 0.104958 0.0262395 16.4675 0.000000
X1 1 0.044417 0.009947 0.0099465 6.2423 0.017043
X2 1 0.013218 0.021561 0.0215615 13.5317 0.000742
X3 1 0.036115 0.046744 0.0467439 29.3357 0.000004
X4 1 0.011209 0.011209 0.0112090 7.0346 0.011705
Error 37 0.058956 0.058956 0.0015934

Lack-of-Fit 7 0.014685 0.014685 0.0020979 1.4216 0.233406
Pure Error 30 0.044271 0.044271 0.0014757

Total 41 0.163914

Conclusion: The possible values of lambda for the Boxcox transformation were -0.5 and 0. Since values of R?
and adjusted R?with a lambda of -0.5 were higher than those with a lambda of 0. Therefore, observations were
transformed with a power of -0.5 and the interaction effect between X3 and X, was not significant at a 0.05 of
significance level. Therefore, the fitted regression model is, as shown in Im5 of R result above, Y = 0.1488 —
0.01782X4 — 0.02765X, — 0.03735X3 — 0.01927X,4. No outliers and significant lack of fit were identified.
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