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ABSTRACT 
A life cycle assessment (LCA) was applied to evaluate the environmental impacts and identify 
sustainability issues of three different farming scenarios based on case studies on Hainan 
Island, China. These scenarios were: (1) intensive farming for an overseas export market, 
using larvae produced by imported specific pathogen free (SPF) broodstock; (2) semi-
intensive farming for export to the mainland using larvae produced by imported SPF 
broodstock; and  (3) semi-intensive farming for local consumption using larvae produced by 
local broodstock. Environmental impact categories used in this study were based on the Eco-
indicator 95 method from SimaPro software and included global warming potential, ozone 
layer depletion, acidification, eutrophication, heavy metals, carcinogens, summer smog, 
winter smog, energy use, and solid waste. The life cycle stages were hatchery, outdoor 
farming, post-farming, consumption, and transportation. Data were collected from farms on 
Hainan Island during the summer of 2008.  
 
The main differences among the three scenarios were related to energy use, global warming, 
and eutrophication potential. Scenario 1 showed the highest environmental impacts for almost 
all impact categories. The outdoor farming stage was the key stage contributing the most 
significant impacts, and it accounted for 50-77% of total impacts. These impacts were mainly 
caused by feed use, electricity use and wastewater discharge. To produce 1 kg of shrimp in 
China for either export or self consumption, 78-97 MJ of energy was needed, generating 5.7-
7.7 kg of CO2 and 0.11-0.19 kg of PO4. Improvements suggested for Chinese shrimp 
aquaculture include changes in feed concentrations and electricity generating portfolios, as 
well as wastewater treatment before discharge. Local or national consumption would reduce 
total environmental impacts by 26-29%. 
 
 

INTRODUCTION 
Aquaculture is of great importance worldwide, serving as an alternative source to traditional food 
production systems and helping accommodate the expansion of human populations. Global 
production of farmed shrimp increased from less than 9000 tons in 1970 to more than 1.6 million 
tons in 2003 (FAO, 2005). Over 50 countries produce significant amounts of farmed shrimp 
today. Asia plays the leading role in shrimp farming, accounting for almost 80% of world shrimp 
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culture, particularly from China and Thailand (Fuchs et al., 1999). China is currently the world’s 
largest producer and second largest exporter of farmed shrimp after Thailand (Munkung, 2005).  
 
The increase in farmed shrimp production was achieved by intensification of farming systems, 
often characterized by increased material inputs, energy demands, and effluent discharge (Prein, 
2007). The expansion of shrimp farming has generated global concerns over its negative 
environmental impacts on the environment, aquatic ecosystems and human lives in coastal 
areas (Diana, 2009). These impacts include use of fishmeal in feed, abuse of chemicals, and 
modification of land (Clay, 1997; Boyd and Clay, 1998). Intensive shrimp farming systems have 
been criticized for high fishmeal and energy consumption, while traditional systems have been 
criticized for low land conversion efficiency (Bartley et al., 2007). Growing awareness of 
environmental problems during recent years has led to increasing demand for environmental 
performance information for different shrimp production systems. 
 
Shrimp aquaculture is a complex food production system, comprising many different stages 
including hatchery, grow-out, and post-farming conducted under a wide range of social, 
economic, and environmental conditions. The main species cultured in China is the white leg 
shrimp (Litopenaeus vannamei) because it has high economic value, SPF broodstock with low 
disease potential, and is relatively easy to culture, with a short growth period of three to four 
months to reach marketable size.  
 
There are two common types of hatcheries in southern China. One is characterized by high 
investment and technology, large-scale, and the use of imported specific pathogen-free (SPF) 
broodstock from U.S. This type of hatchery uses high densities and high rates of water exchange, 
and can produce post-larvae throughout the year. High survival rates of post-larvae, up to 60%, 
are common in these hatcheries. These SPF post-larvae are characterized by rapid growth and 
disease resistance. The other type of hatchery is typically a small-scale facility characterized by 
low investment and technology that uses locally grown broodstock. The survival rate of post-
larvae is usually 40% or less in such facilities.  
 
Grow-out farms usually buy post-larvae from hatcheries and produce marketable shrimp 
within three to five months. Chinese shrimp farms are widely distributed along the 18,400 km 
coastline from Hainan Province in the tropics to Liaoning Province in the temperate zone (Xie 
and Yu, 2007). Farmers usually culture two to three crops of shrimp per year in southern China, 
while farmers in northern part can harvest only one crop. There are currently about 14,000 
shrimp farms in China, with extensive farms constituting 5% (by number), semi-intensive 85%, 
and intensive farms 10%. These categories are characterized by the stocking density, use of 
capital, equipment, labor, skill, land, water, feed, and energy (Xie and Yu, 2007). Extensive 
shrimp farming (low stocking density and low water exchange rate) is conducted in near-shore 
communities along the coast, especially in tidal and mangrove areas (Munkung, 2005). Semi-
intensive and intensive farms are usually conducted above the high tide line. They use 
pumped water exchange, and combine fertilizers and commercial formulated feed with a 
higher stocking density and higher water exchange rate.  
 
After harvest, fresh shrimp are usually sold directly to local wholesalers or processing plants 
for further processing. Local wholesalers distribute fresh shrimp to retailers and sell them in 
local markets. Depending on market requirements, processed shrimp are sold nationwide or 
exported overseas to Japan and the U.S. in the following forms: head-on shell-on shrimp, 
headless shell-on shrimp, peeled tail-on shrimp, peeled and deveined shrimp, and peeled and 
un-deveined shrimp.  
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Evaluating system efficiency for shrimp aquaculture requires a fair comparison of 
environmental impacts among different production systems. Life cycle assessment (LCA) can 
be used to make such a comparison, quantifying potential environmental burdens throughout 
the whole life cycle of shrimp production. An LCA analyzes the whole production and supply 
chain. It allows one to calculate the relative energy intensity and material usage in an overall 
process or in various components of that process (Diana, 2009). Life cycle modeling is 
composed of four procedures, including goal definition and scope, inventory, impact analysis 
and interpretation. It can evaluate feed production, hatchery, farming, transport, processing, 
distribution and sales, consumption, and waste management. The LCA can provide a 
framework for evaluating environmental performance and identifying the limiting steps in 
energy or material use, as well as global warming and eutrophication potential. Many effects 
of aquaculture are based upon widely differing impacts, such as fresh and sea water use, feed 
use, energy consumption, nutrient discharge, and transportation of aquaculture products. 
These are very difficult characteristics to compare with a common metric. The purpose of this 
analysis is to build such comparisons, using LCA for outdoor flow-through shrimp production 
systems in China.  
 
The LCA has been widely applied to industrial and food products (Baumann, 1996; Munkung 
and Gheewala, 2007). Comparative LCA studies have been conducted to evaluate different 
production systems or services to identify the most environmentally friendly systems or 
services (Ziegler et al. 2001; Papatryphon et al., 2004; Munkung, 2005; Zufia and Arana, 
2008; Ayer and Tyedmers, 2009). Mungkung (2005) studied Thai shrimp aquaculture and 
identified the farming stage as contributing the majority of environmental burdens overall. 
The environmental impacts of shrimp aquaculture systems have yet to be assessed in China, 
where features such as broodstock source, energy and water use, farm type and management are 
different.  
 
This study uses LCA as a tool to quantify and compare the potential environmental impacts 
associated with shrimp production by three common scenarios in China: Scenario 1: intensive 
farming destined for oversea markets, using larvae produced by imported SPF broodstock; 
Scenario 2: semi-intensive farming destined for national markets using larvae produced by 
imported SPF broodstock; Scenario 3: extensive farming destined for local markets using 
larvae produced by local domesticated broodstock. By quantifying the environmental impacts 
over the entire life cycle of shrimp production, LCA provides more comprehensive 
information on environmental performance for these three scenarios. The key life cycle stages 
and most significant impacts can be identified to enable a more effective approach to reducing 
the environmental footprint of shrimp farming. 
 
The objectives of the present study were to: (1) identify key stages and assess the most 
significant environmental impacts associated with outdoor shrimp production systems using 
LCA; (2) compare the environmental performance of three outdoor shrimp farming systems in 
China; (3) use the LCA results as basis to formulate strategies to reduce environmental 
impacts.  
 

METHODS 
Site Selection 
A field trip was conducted during summer 2008 on Hainan Island, China. Hainan Province, 
composed of the Hainan Island, Xisha Islands, Nansha Islands, and Zhongsha Island, is 
located in the tropic zone in southern China. Numerous beaches along the island's long 
coastline make the island a favorable breeding ground for shrimp, shellfish, and other aquatic 
products. Hainan, with a total shrimp farming area of 11,939 ha in 2006, is now the third 
largest exporter of shrimp products in China (Hainan Ocean Fisheries Department, 2009). 
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USA, Japan, Hong Kong, and Republic of Korea are the major four markets for the Hainan 
shrimp exporters. A total of six hatcheries and nine farms were visited. Three hatcheries each 
were surveyed for the two types of hatchery (industry-scale hatcheries using imported 
broodstock from Hawaii and small-scale hatcheries using local domesticated broodstock). 
Three farms representative of each farming system at different sizes (large >6.7 ha, medium 
>2.7 ha, and small <2.7 ha) were selected under the assistance of Hainan University. One feed 
company and one processing plant were selected to collect information on feed production 
and shrimp processing. Wholesalers and retailers in local shrimp markets were also randomly 
selected for interviews covering shrimp distribution.  
 
Life Cycle Assessment (LCA) 
An LCA includes four steps (ISO 1997):  
(1) Goal and scope definition: a functional unit is selected based on the aims of the study and 
system boundary defined. The functional unit is a quantification of a product that the system 
delivers, and is the basis for calculating environmental impacts (Munkung and Gheewala, 
2007). In this analysis, the functional unit was 1 ton of shrimp product. The life cycle stages 
of shrimp production considered in this study include: extraction and processing of raw 
materials, producing and nursing of shrimp larvae at hatcheries, culturing of post-larvae to 
marketable-size shrimp at farms, post-farming including shrimp processing and/or cold 
storage, consumption, waste management and transport in all life cycle stages (Figure 1). 
Three scenarios of shrimp production systems in this study were discriminated based upon 
broodstock sources, farming types and management, targeted markets: Scenario 1: intensive 
farming destined for overseas markets, using larvae produced by imported SPF broodstock; 
Scenario 2: semi-intensive farming destined for national markets using larvae produced by 
imported SPF broodstock; Scenario 3: extensive farming destined for local markets using 
larvae produced by local domesticated broodstock. Key characteristics of each system are 
listed in Table 1. 
 
(2) Life cycle inventory (LCI): input and output flow data are collected for the system under 
consideration. The inventory of environmental flows by definition is the quantification of 
flows crossing the system boundaries. An LCA of shrimp aquaculture requires the availability 
of data on materials and energy inputs, as well as data on water cycling, water use, and water 
quality. It was assumed that all hatcheries and farms used the same feed formula. The 
interventions associated with feed production include production of electricity, fishmeal, 
wheat flour, soybean meal, corn starch, squid meal, fish oil, low density polyethylene 
(LDPE), steam, and emissions to water bodies. Since no information about binder, soybean 
lecithin, vitamin and mineral premix, and vitamin C were available in the Simapro database, 
and their contribution to the total ration was less than 5%, the interventions associated with 
them were excluded in this study. Operating data for the shrimp farming stage were obtained 
directly from facility records and interviews with facility managers. Emissions of nutrients to 
water bodies associated with shrimp farming were estimated through nutrient balance 
modeling. The calculations of nitrogen (N), phosphorus (P), and solids emissions were based 
on the difference between the amount of nutrients provided to shrimp via feed and the amount 
assimilated as weight gain (Aubin et al., 2009). The inventory phase was based on direct 
measurement of real farms for one normal cycle of production (three to four months per 
cycle).  
 
(3) Life cycle impact assessment (LCIA): different LCIA methods such as Eco-indicator 95 
(PRé, Netherlands) can be used to model environmental performance of the studied system. 
For impact calculations, each method usually includes characterization, and another two 
optional steps, normalization and weighting. Characterization transforms inventory flows into 
impact indicators based on the contribution of each flow to a specific impact category (Renou 
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et al., 2008). Midpoint impact characterization models are usually expressed in kg equivalent 
of a reference substance. Endpoint impact characterization can be derived by multiplying the 
midpoint score and midpoint to calculate the damage factor. The normalization step enables 
the user to see the relative contribution from material production to each effect. The present 
study only focused on the characterization and normalization steps. In accordance with ISO 
14040 Standards (ISO, 1997), the LCA was conducted using original data (means) collected 
from surveys on Hainan Island, supplemental data from databases in Simapro 7.1.8 (PRé, 
Netherlands) and data provided by previous studies. A damage-oriented (end-point), Eco-
indicator 95 method was adopted. Environmental impact categories used in this analysis were 
(Table 2): greenhouse gas emission, ozone layer depletion, acidification potential, 
eutrophication potential, heavy metals release, carcinogens, summer smog production, winter 
smog production, energy resources use, and solid waste. 
 
(4) Interpretation: the purpose of this phase is to interpret results for each stage of the LCA 
and each production phase, concentrating on those which generate the largest impacts and on 
those which offer the best impact reduction potential. Then, a sensitivity analysis can be 
performed to evaluate the limitations and implications of the research. 
 
The electricity generating portfolio in China is composed of coal (65.7%), hydropower (25%), 
natural gas (7.3%), and nuclear (2%) (Deng and Wang, 2003). A sensitivity analysis was 
conducted to estimate how greenhouse gas emissions would change if the fuel mix was 
shifted from coal to natural gas or from coal to nuclear power. Three scenarios were 
considered: (1) Baseline: coal (65.7%), hydropower (25%), natural gas (7.3%), nuclear (2%); 
(2) Alternative 1: switch from coal to natural gas with a portfolio composed of natural gas 
(73%), hydropower (25%), and  nuclear (2%); (3) Alternative 2: switch from coal to nuclear 
power with a portfolio of nuclear (67.7%), hydropower (25%), natural gas (7.3%). 
 
There are many LCIA methods available for Simapro software. It could be an advantage to 
use several methods for verification purposes. We undertook another sensitivity analysis to 
explore the impacts of different LCIA methods on the consistency of results. With regards to 
the approach followed by each method, there are three types of methods: (1) mid-point 
characterization (problem-oriented, taking account the contribution of each flow to an specific 
environmental impact), such as CML baseline 2000; (2) end-point characterisation (damage-
oriented, modelling the damage to human or ecosystem health), such as Eco-indicator 95; (3) 
efforts to combine mid-point and end-point, such as IMPACT 2002+. According to ISO 
(1997), it is often argued that the mid-point approach provides more reliable results, while the 
results from end-point methods are easier to understand and use for decision making. Thus the 
combined application of three fundamentally different approaches including CML baseline 
2000, Eco-indicator 95 and IMPACT 2002+ will provide a greater certainty in the assessment. 
Two impact categories including eutrophication and global warming, which have been 
considered the most important impacts from aquaculture (Mungkung, 2005), were examined 
in this sensitivity analysis.  
 

RESULTS 
Life cycle inventory 
The inputs for one ton of feed production were mainly electricity, steam, water, and fishmeal, 
while the outputs were mainly garbage, suspended solids, and steel scrap (Table 3). 
Considering the relative contribution that various feed production related materials made to 
the nine impact categories, electricity use accounted for more than half of the total impacts 
(ranging from 63%-89%; Figure 2) for all but three (ozone depletion, eutrophication, and 
summer smog) of the impact categories analyzed. Fishmeal was the largest contributor to 
ozone depletion (82%) and summer smog (53%). Wheat flour had the highest impact on 
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eutrophication (38%). Overall, electricity use, fishmeal, and wheat flour combined 
contributed 77%-97% to all the emission categories in the production of shrimp feed.  
 
To produce 1,000 kWh of electricity in China, 889.7 kg eq of CO2 , 9.3 kg eq of SO2, 0.4 kg 
eq of PO4, and 0.006 kg eq of Pb were generated, and 10,111 MJ of energy were consumed 
(Table 4). For this production, 57.2%-98.8% of total environmental impacts were from coal 
use. 
 
The three scenarios showed substantially different amounts of inputs and outputs per ton of 
shrimp produced (Table 5). With the highest stocking density and highest production, 
scenario 1 had the lowest infrastructure-related inputs during both hatchery and grow-out 
stages. High stocking density and water exchange rates also required more electricity use for 
aeration and pumping in scenario 1. The amount of feed required to produce one ton of 
shrimp varied between the three scenarios. Feed input per ton of shrimp produced was highest 
for scenario 1, followed by scenario 2 and then scenario 3. With the highest water exchange 
rate (15% daily), scenario 1 generated the most direct discharge to water, including nutrients 
and suspended solids in the effluent.  
 
Life cycle impact assessment 
According to the LCA results, the key impact parameters from the three scenarios were 
eutrophication potential, energy use, and global warming potential (Figure 3). Scenario 1 
showed the highest environmental impacts in all impact categories except for solid waste. 
Scenario 2 showed intermediate impacts in all categories (Figure 3a). After normalization, the 
impact of solid waste was negligible compared to other impact categories (Figure 3b).  
 
Once the most significant impact parameters were identified, a contribution analysis was used 
to identify the subsystems with the highest environmental loads. The farming stage 
contributed on average 50% (scenario 1), 72% (scenario 2) and 77% (scenario 3) to the total 
impacts in each impact category (Figure 4). Transportation also contributed on average 47% 
(scenario 1), 21% (scenario 2), and 18% (scenario 3) of total impacts. Hatchery, processing, 
storage, and consumption impacts were negligible compared to the previous two stages. In the 
total life cycle, fractions of greenhouse gas emissions from electricity consumption were 
25.2%, 46.9%, and 46.9% in scenario 1-3, respectively. 
 
Given the importance of the farming stage, a contribution analysis only considering grow-out 
stage was conducted to identify the most significant contributors for each impact. Intensive 
farming created the highest environmental impacts in all categories except for ozone 
depletion, summer smog, and solid waste (Figure 5a). After normalization, eutrophication was 
the most critical parameter in the shrimp farming stage (Figure 5b). The impacts of ozone 
depletion and solid waste were almost negligible in comparison with eutrophication. More 
specifically, the three farming systems shared similar characteristics (Figure 6). All of their 
impact categories were generated mainly by feed use, electricity use and wastewater 
discharge. In general, to produce 1 kg of shrimp in China, 78-97 MJ of energy was needed, 
generating 5.7-7.7 kg eq of CO2 and 0.11-0.19 kg eq of PO4 (Table 6). 
 
The sensitivity analysis for different electricity generation portfolios showed a clear decrease 
in greenhouse gas emissions as the fuel mix was shifted from coal to natural gas (alternative 
1, 48% reduction) or nuclear power (alternative 2, 94% reduction; Figure 7). Alternative 2, 
which used more nuclear power, had the lowest greenhouse gas emissions. 
 
The sensitivity analysis using different LCIA methods demonstrated that for all three methods 
the farming stage produced the main source of eutrophication pollutants over the whole life 
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cycle. Results from the CML baseline 2000 and Eco-indicator 95 methods were nearly 
identical, and results from IMPACT 2002+ showed little difference. All three methods 
yielded similar results concerning the greenhouse effect, where the transportation and farming 
stages were the main two contributors (Figure 9).  
 

DISCUSSION 
The entire life cycle of shrimp production was taken into consideration in this study to 
explore environmental impacts generated per ton of shrimp produced. Comparing the 
environmental performance of the three common scenarios of shrimp production in China, 
scenario 1 (using imported broodstock, intensive farming techniques and selling shrimp to the 
U.S.) generated the highest emissions across almost all impact categories modeled. Our 
results indicated that the farming stage was the major contributor to all of these emissions, 
accounting for on average 50-77% of the total impacts. Following the farming stage, 
transportation contributed substantially to each of the environmental impacts evaluated, 
accounting for on average 18-46% of the total impacts. In contrast, the hatchery, processing, 
storage, and consumption stages made negligible contributions. Thus, farming and 
transportation were considered to be the two key impact-generating stages during the whole 
cycle of shrimp production. Local or national consumption would reduce total environmental 
impacts by 26-29%, as a result of removing long distance transportation. When the impacts 
were normalized in Figure 3b, the main environmental issues for shrimp production emerged 
as eutrophication, energy use and global warming.  
 
Among the three studied scenarios, the intensive farming stage showed the worst 
environmental performance, with a total impact (using single score as an indicator in Eco-
indicator 95) at 1.4 and 1.7 times higher than semi-intensive and extensive farming stages, 
respectively. It was also more energy-intensive than the other two faming stages. This is 
largely the result of high stocking density, high electricity use, and feed inputs, and high 
concentrations of nutrients in the wastewater. Although intensive farming showed the worst 
environmental performance, it had the highest annual production (average 15,000 kg/ha), 
while semi-intensive and extensive only produced 10,500 and 6,000 kg/ha, respectively. 
Semi-intensive farming showed intermediate environmental performance, which was close to 
that of extensive farming. Considering both environmental performance and productivity 
together, semi-intensive was probably the best option, indicating that medium stocking 
density should be adopted to achieve a win-win situation.  
 
Hot spots, or activities that contribute disproportionately to the total environmental impacts in 
the farming stage, were identified in this LCA study and could be used to develop regulation 
goals for shrimp aquaculture in the future. The results of the contribution analysis revealed 
that feed use, electricity use and wastewater discharge emerged as hot spots of concern for all 
three farming stages.  
 
As one of the hot spots, shrimp feed currently used in China has been criticized for containing 
too much fishmeal, which would potentially lead to depletion of marine fish resources. By-
catch from marine fisheries has been used as fishmeal for shrimp feed production. According 
to our analysis of shrimp feed production, fishmeal, electricity usage, and wheat flour were 
the major contributors for all associated environmental impacts, together contributing to over 
80% of total impacts. Wheat production requires large inputs of fertilizers, thus being the 
largest contributor to eutrophication. Utilization of marine fish in the form of fishmeal is 
environmentally damaging due to high diesel use, low utilization efficiency of the resource 
and negative impacts on marine biodiversity. Future shrimp feed should consider minimizing 
fishmeal to mitigate these problems.  
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Electricity usage was identified as another important hot spot for two reasons. First, since 
shrimp farming is very intensive, higher stocking density and high feed inputs deteriorate 
water quality very quickly and more aeration and water exchange is required to maintain 
water quality. Second, the Chinese electricity generating portfolio is dominated by coal (Deng 
and Wang, 2003). To produce 1,000 kWh of electricity in China, total of 889.7 kg equivalent 
of CO2 was emitted. Of that, 94.7% of the greenhouse gases were contributed by coal. Thus, 
coal is not as clean as natural gas or nuclear power. If China could change current fuel mix 
toward more clean energy, the impact of shrimp production on global warming would be 
reduced. To produce 1 kg of shrimp in China, 86.5 MJ of energy was needed on average, 
while in Thailand only 46.5 MJ of energy were needed (Mungkung, 2005). Chinese shrimp 
aquaculture was more energy intensive than Thai shrimp aquaculture, which was likely a 
result of the Chinese shrimp farming system being more intensive. While the Chinese 
electricity grid is primarily coal, the electricity mix in Thailand relies less on coal (28%) and 
primarily on natural gas (56.5%), dramatically reducing CO2 emissions (Mungkung, 2005). 
Further study should focus on a cost-efficiency analysis of changing the Chinese electricity 
generating portfolio.  
 
Wastewater discharge was considered to be the third hot spot. Effluent from shrimp ponds 
primarily contained concentrated nutrients, organic matter, ammonia, and suspended solids 
that derived from fish excretion, feces, and uneaten feed. It was the major contributor to 
eutrophication. Feed and shrimp metabolites were considered to be the primary sources of 
pollutants. Water quality of effluents depended mainly on culture system characteristics, feed 
quality, and management. As aquaculture production intensifies, feed inputs increase and 
waste material including organic matter, nutrients, and suspended solids in ponds increases 
(Diana, 2009). In this study, with the highest stocking density and the highest feed conversion 
ratio, intensive farming generated the most discharge to waters. Of total N and P inputs into a 
1 ha pond, usually only 22.7% of N, and 10.6% of P can be recovered in shrimp per cycle 
(Paez-Osuna et al., 1999). Therefore, 1 ton of shrimp produced in China would release 0.6 ton 
of feces and 0.14 ton of other metabolic excretion (Jiang et al., 2006). Many shrimp farms in 
China discharged effluents directly to receiving waters. There were no incentives for them to 
treat pond effluents. Thus, future studies should develop paths for farms to treat pond effluent 
before discharge, which would be necessary for sustainability and the reduction of 
environmental burdens. 
 
There are many impact assessment methodologies and databases developed for Simapro 
software, such as Eco-indicator 95, CML 2000, and IMPACT 2002+. Each method has a 
different focus which might lead to different results. Databases include Ecoinvent, Franklin 
98, BUWAL 250, ETH, and LCA Food DK. Quality of each database varies. Those methods 
and databases are contributed by researchers from different regions with different 
background. Selecting an appropriate method and database for each case study depends on the 
type of information needed and specific impacts associated with the products. There is no 
single impact assessment methodology can be applied to all food production systems. Using 
different LCIA methods in the sensitivity analysis can evaluate the validity of the results. 
According to the sensitivity analysis in this study, there were no discrepancies found since 
farming and transportation were consistently shown to be the key stages. However, data 
available in the databases for aquaculture and fisheries products are still minimal compared to 
agro-food products. Methods for the assessment of land use, water resources, and biodiversity 
loss are still missing, which still limits the validity of the results (Swiss Confederation, 2008).  
 

CONCLUSIONS AND RECOMMENDATIONS 
The following conclusions can be drawn from the present study: 
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- Shrimp farming was the key stage which contributed the greatest environmental 
impacts for all three scenarios. Intensive farming showed the worst environmental 
performance. With intermediate environmental performance and unit production, 
semi-intensive farming was more favorable in terms of both sustainability and 
profitability. 

- Impact of transportation was substantial in scenario 1 as the second key stage. Long 
distance transportation contributed 46% of total impacts. 

- The hatchery stage has negligible impacts, and even use of imported broodstock did 
not generate much environmental burden.  

- Feed use, electricity consumption, and pond effluents were hot spots, which combined 
contributed 80% of total impacts in each farming stage. 

- Environmental impacts from infrastructure are negligible, compared to impacts from 
operation in the shrimp farming stage. 

 
Recommendations for more sustainable development are: 
- Feed efficiency needs to be improved. Efforts should be put into improving feed 

content and feeding methods to enhance feed utilization efficiency. More sustainable 
feed using less fishmeal should be developed. Feeding rates and stocking rates should 
be adjusted appropriately so as to not exceed the assimilation capacity of ponds. 

- Pond effluents should be treated before discharge. 
- Local and national consumption is highly encouraged to reduce environmental 

burdens generated by long distance transportation. 
- Cleaner energy instead of coal should be used to generate electricity in China. 

 
ANTICIPATED BENEFITS 

Results of this research could be used to optimize a shrimp production system in terms of 
environmental sustainability. Information relative to energy intensity and environmental 
impacts of different shrimp culture systems are provided. The quantifiable benefits include 
direct evaluation and comparison of different systems to advise regulation and environmental 
impact mitigation measures for policy makers, to guide shrimp farmers toward implementing 
good aquaculture practices and better managing their farms in an environmentally friendly 
manner, and to inform consumers in their choice for environmentally friendly seafood 
products. 
 

FIGURES AND TABLES 

Figure 1. A detailed life cycle flow chart and system boundary (excluding broodstock production) for an LCA of 
outdoor shrimp production systems in China 
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Figure 2.  Relative contributions to environmental impact categories for producing 1 ton of feed 
 

 
Figure 3.  Relative comparison of the life cycle contributions to environmental impact categories for all life 

cycle stages of the three studied scenarios: (a) characterized results; (b) normalized results. 
 

(a) 

(b) 
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Figure 4.  Life cycle impacts associated with 1 ton of shrimp from three scenarios: (a) scenario 1; (b) scenario 2; 

(c) scenario 3. 
 

 
 

(a) 

(b) 

(c) 
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Figure 5.  Relative comparison of contributions to environmental impact categories for the farming stage of the 

three scenarios: (a) characterized result; (b) normalized result. 

(a) 

(b) 
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Figure 6.  Contribution analyses for the three farming systems: (a) intensive; (b) semi-intensive; (c) extensive. 
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(b) 
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Figure 7.  Impact of different electricity generation portfolios on greenhouse gas (GHG) emissions for electricity 

consumption in farming stage. 
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Figure 8.  Comparison of the eutrophication assessments by using different LCIA methods: (a) scenario 1; (b) 

scenario 2; (c) scenario 3. 
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Figure 9.  Comparison of the greenhouse effect assessments by using different LCIA methods: (a) scenario 1; 

(b) scenario 2; (c) scenario 3. 
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Table 1. Key characteristics of different shrimp production systems in the study. 

Stage Scenario 1 
(Intensive farming) 

Scenario 2 
 (Semi-intensive farming) 

Scenario 3 
(Extensive farming) 

Feed Source All scenarios were assumed to use the same feed formula. 
Hatchery • !"#$%&'()*#+$

,-.-%%$/01$
2)((+"*(34$.%*5$
6(789+%"*-73#$
*)-7"'()*$

• 0)(+:3#$1;$'("*9
6-)<-$.%*5$5%85$
":)<%<-6$=$8)(.*5$
)-*#$

• >7+:"*)%-69"3-6#$

• !"#$%&'()*#+$,-.-%%$/01$
2)((+"*(34$.%*5$6(789
+%"*-73#$*)-7"'()*$

• 0)(+:3#$1;$'("*96-)<-$
.%*5$5%85$":)<%<-6$=$
8)(.*5$)-*#$

• >7+:"*)%-69"3-6#$

• !"#$6(3-6$+(&#"*%3-*#+$
2)((+"*(34$.%*5$"5()*9
+%"*-73#$*)-7"'()*$

• 0)(+:3#$1?$'("*96-)<-#$
.%*5$6(.$":)<%<-6$=$
8)(.*5$)-*#$

• /&-669"3-6#$

Grow-out • !"#$1;$'("*96-)<-$
• ,%85$"*(34%78$

+#7"%*@$A;BC$'("*9
6-)<-D&?E$

• ,%85$.-*#)$
#F35-78#$A;GH$
+-%6@E$

• 1##+$3(7<#)"%(7$
)-*%($A1IJE$K;LM$

• ;CC$+-@"D3)('$
• ,%85$')(+:3*%(7$

A;GNCCC$48D5-E$

• !"#$1;$'("*96-)<-$
• O#+%:&$"*(34%78$+#7"%*@$

APC$'("*96-)<-D&?E$
• O#+%:&$.-*#)$#F35-78#$

ABH$+-%6@E$
• 1IJ$K$;L;G$
• ;?C$+-@"D3)('$
• O#+%:&$')(+:3*%(7$

A;CNCCC$48D5-E$

• !"#$1?$'("*96-)<-$
• O#+%:&96(.$"*(34%78$

+#7"%*@$AQC$'("*96-)<-D&?E$
• R(.$.-*#)$#F35-78#$ASH$

+-%6@E$
• 1IJ$K$CLP$
• ;SC$+-@"D3)('$
• R(.$')(+:3*%(7$AQNCCC$

48D5-E$

Post-farming • T%*5$')(3#""%78$
• ,#-+9(7$N"5#669(7$

"5)%&'$
• UF'()*$(<#)"#-"$*($

*5#$!/$

• T%*5$')(3#""%78$
• ,#-+9(7N$"5#669(7$"5)%&'$
• /(6+$7-*%(79.%+#$

• V($')(3#""%78$
• /(6+$W)#"5$-*$-$6(3-6$

&-)4#*$

 
Table 2. Description of environmental impact categories from Eco-indicator 95 used in this study. 
Environmental Impact 
Category 

Indicator Description 

Greenhouse gas effect 
(GHG) kg eq CO2  

The anticipated surface temperature rise as a result of the increasing 
concentration of gases that restrict heat radiation from the Earth.  
 

Ozone layer depletion 
(OD) 
 

kg CFC11 
 
 

The increase in ultraviolet radiation on Earth caused by high-altitude 
decomposition of the ozone layer. 
 

Acidification potential 
(AP) 
 

kg SO2 
 

Degradation of forests, for example, by acid rain. 
 

Eutrophication potential 
(EP) 
 

kg PO4 
 

The disappearance of rare plants that especially grow in poor soils, 
as a result of the emission of substances that have the effect of a 
fertilizer, and the change in aquatic ecosystems. 
 

Heavy metals (HM) kg Pb Health damage caused by heavy metals in the soil, water, and air. 

Carcinogenicity 
 

kg B(a)P 
 

Incidences of cancer caused by carcinogenic substances (e.g., 
polyaromatic hydrocarbons) 

Winter smog (WS) 
 

kg C2H4 
 

Smog forming, caused by the emission of dust and SO2. 
 

Summer smog (SS) 
 

kg SPM 
 

Smog formation, with peaks in summers, due to increases in ozone 
concentration. 
 

Energy resources (ER) 
 

MJ LHV 
 

Non-renewable resources depletion due to extraction and 
consumption of minerals and fossil fuels 
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Table 3.  Inputs and outputs for producing one ton of shrimp feed. 
Inputs/Outputs Components Quantity 

Fish meal (kg) 422 
Wheat flour (kg) 240 
Soybean meal (kg) 130 
Corn starch (kg) 85 
Squid meal (kg) 40 
Fish oil (kg) 38 
Binder (kg) 20 
Soybean lecithin (kg) 8 
Mineral premix (kg) 10 
Vitamin premix (kg) 10 
Vitamin C (kg) 2 
Low density polyethylene (LDPE, kg) 5 
Water* (l) 650 
Electricity* (kWh) 2646 

Inputs 

Steam* (kg) 300 
Suspended Solids (kg) 0.003 
Biological oxygen demand (BOD, kg) 0.0005 
Chemical oxygen demand (COD, kg) 0.0017 
Total nitrogen (TN, kg) 0.0005 
Total phosphorus (TP, kg) 0.00005 
Steel scrap (kg) 0.006 
Garbage (kg) 0.02 

Outputs* 

Others (kg) 0.006 
*Source: Papatryphon et al 2004; Munkung 2005 
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Table 4.  Raw contribution and the percent of impact for each type of electricity production for each impact category in the LCA. 

 
              Coal 

 
Hydropower 

 
Nuclear 

 
Natural Gas Impact 

Category Indicator 
Raw  

contribution 

Percent  
of 

impact 

Raw  
contribution 

Percent 
of 

impact 

Raw  
contribution 

Percent 
of 

impact 

Raw  
contribution 

Percent 
of 

impact 

Total 

Greenhouse kg eq CO2  842.2621 94.7% 0.771663 0.1% 0.203939 0.0% 46.42599 5.2% 889.6637 

Ozone layer kg eq 
CFC11 1.69E-06 57.2% 6.86E-08 2.3% 1.17E-06 39.4% 3.24E-08 1.1% 2.96E-06 

Acidification kg eq SO2 8.849793 95.2% 0.003239 0.0% 0.001449 0.0% 0.442486 4.8% 9.296966 
Eutrophication kg eq PO4 0.402206 98.8% 0.000521 0.1% 0.000144 0.0% 0.004353 1.1% 0.407225 
Heavy metals kg eq Pb 0.005632 93.3% 1.81E-05 0.3% 1.53E-05 0.3% 0.000369 6.1% 0.006035 

Carcinogens kg eq 
B(a)P 1.48E-05 80.4% 1.63E-07 0.9% 4.67E-08 0.3% 3.39E-06 18.5% 1.84E-05 

Summer smog kg eq 
C2H4 

0.04922 77.0% 0.00025 0.4% 6.26E-05 0.1% 0.01439 22.5% 0.063923 

Winter smog kg eq 
SPM 7.15168 94.3% 0.004815 0.1% 0.001021 0.0% 0.423824 5.6% 7.58134 

Energy use MJ LHV 8024.552 79.4% 957.1262 9.5% 268.4427 2.7% 861.5748 8.5% 10111.7 
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Table 5. Inputs and outputs for the production of 1 ton of shrimp in the hatchery and farming stages. 
Stage Inputs/Outputs Materials Scenario 1 Scenario 2 Scenario 3 

HDPE liner (kg) 0.0057 0.0074 0.0146 
Concrete (m3) 0.0132 0.017 0.029 
PVC pipe (kg) 6.3052 8.1066 13.8524 
LDPE cover (kg) 0.3462 0.4451 0.759 

Inputs-infrastructure  

Steel pipe (kg) 0.0279 0.0359 0.0597 
 
Broodstock (g) 

 
51.38 

 
66.06 

 
108.20 

Fresh water (l) 27.72 35.64 56.40 
Sea water (L) 69.3 89.1 141.0 
Chlorine (kg) 0.0014 0.0018 0.0029 
Egg yolk (kg) 1.2 1.5 1.5 
Feed  (kg) 5.13 6.60 8.83 
EDTA (kg) 0.0007 0.0009 0.0014 

Inputs-operational 

Electricity (kWh) 110.75 142.40 132.30 
 
Suspended solids (g) 

 
322 

 
414 

 
690 

BOD5 (g) 19 24 40 
NO2 (g) 0.12 0.15 0.26 
NO3 (g) 1.52 1.95 3.26 
Ammonia (g) 0.12 0.15 0.26 

Hatchery 

Outputs-operational 

Total P (g) 
 

0.58 
 

0.75 
 

1.25 
 

HDPE liner (kg) 11.67 25.67 39.33 
Cement precastable pipe 
(kg) 0.80 0.70 0.77 

Diesel (L) 3.0 5.3 9.0 
Inputs-infrastructure 

PVC pipe (kg) 96.7 113.3 220.0 
 
Post-larva (g) 

 
583.33 

 
583.33 

 
750 

Seawater (l) 20066.7 16950 12766.7 
Chlorine (kg) 111.33 126.67 158 
CaCO3 (kg) 416.67 500 696.67 
CaO (kg) 194.7 291.7 500 
Triple superphosphate (kg) - 16.67 30 
Urea (kg) - 12.5 23.3 
Poultry manure (kg) - 166.7 310 
Feed (kg) 1400 1150 900 

Inputs-operational 

Electricity (kWh) 2686.67 1773.33 1096.67 
 
Wastewater (l) 

 
20066.67 

 
16950.00 

 
12766.70 

Suspended solids (kg) 403.33 303.69 246.67 
BOD5 (kg) 80.33 57.85 24.67 
Total N (kg) 102.00 64.00 55.67 
NH3 (kg) 22.00 12.84 6.33 

Grow-out 

Outputs-operational 

Total P (kg) 46.00 31.67 24.00 
 
 
Table 6.  Energy use, global warming and eutrophication potential (mean values) to produce one ton of shrimp 

in China. 
Farming Type Energy use (MJ) GHG (kg eq CO2) Eutrophication (kg eq PO4) 
Intensive 97946.8 7740.9 198.9 
Semi-intensive 83344.2 6414.1 135.2 
Extensive 78092.5 5707.6 105.5 
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