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a b s t r a c t 

Tea is one of the most popular beverages worldwide, and the sustainability of tea production is of vital 

strategic importance to tea farmers and stakeholders in its value chain. China is a global leader in tea 

consumption, production, and export. Here, we conduct a joint economic, life cycle, and emergy analy- 

sis to provide a comprehensive picture of the economic and environmental sustainability of China’s local 

and exported tea (tea for domestic consumption vs for export). Although local tea is much more prof- 

itable than exported tea, it is also much more environmentally damaging, with impacts being 2.2–64.0 

times higher, mainly because of lower yields. Specifically, the GHG emissions of local tea are about 6 

times those of exported tea (49.90 vs 8.28 kg CO 2 eq/kg). A life-cycle-based scenario analysis indicates 

that the environmental impacts of China’s local and exported tea can be substantially reduced (by 28–

98%) by improving fertilizer use efficiency, adopting new varieties, and using renewable energy. Overall, 

our results show the environmental sustainability challenge of China’s tea production and highlight the 

urgent need to take mitigation measures. Our study also provides important information for domestic and 

international tea beverage companies in their potential sustainable supply chain management of different 

tea products. 

© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

Tea is one of the most popular beverages worldwide, but its en- 

ironmental sustainability remains understudied. Globally, tea con- 

umption has been rising steadily over the past few decades, along 

ith economic development ( Fig. 1 ). Today, per capita tea con- 

umption is at ~35 l, only second to packaged water, and is pro- 

ected to increase further in the near future, especially in large 

ountries like China and India ( Bolton, 2018 ). The tea industry is 

otentially energy- and emission-intensive, due to the use of large 

mounts of agrochemical inputs during tea cultivation and the use 

f traditional energy (such as firewood and coal) during tea pro- 
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essing ( Ma et al., 2013 ; Taulo and Sebitosi, 2016 ). To improve the

nvironmental sustainability of tea products requires quantitative 

ssessments of how they affect the various aspects of the environ- 

ent along the entire life cycle. 

China is the world’s largest tea producer, with annual out- 

ut accounting for ~45% of the global total in 2018 ( Fig. 1 ). It is

lso one of the three major tea exporters, the other two coun- 

ries being Kenya and Sri Lanka. In total, the three countries pro- 

uce ~60% of the world exports (“Food and Agriculture Organiza- 

ion (FAO). 2019 ,” n.d.). China’s tea exports have nearly doubled 

ver the past three decades, from 0.20 in 1989 to ~0.36 million 

ons in 2018. China’s domestic tea consumption increased even 

ore dramatically, by 13-fold, from 0.15 in 1989 to 1.91 million 

ons in 2018 ( China Tea Yearbook. , 2019 ). Despite the significant 

ole China plays in global tea market, few studies have examined 
reserved. 
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Fig. 1. Tea production and plantation area of China and the world, and Chinese tea trade during the past three decades. 
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he environmental sustainability of Chinese tea industry from cul- 

ivation to processing. Xu et al. studied the greenhouse gas (GHG) 

missions and energy consumption of organic tea in China, but 

rganic tea only accounts for < 2% of the total output ( Xu et al.,

019 ). Previous life-cycle assessments (LCAs) of several other coun- 

ries ( Azapagic et al., 2016 ; Cichorowski et al., 2015 ; Pelvan and

zilgen, 2017 ), such as Sari Lanka and India, are unlikely to rep- 

esent China’s tea production, considering the spatial variability of 

groecosystems ( Miller et al., 2006 ; Smith et al., 2017 ; Yang et al.,

018a ). In addition, these LCAs have focused mainly on the climate 

hange impact of tea products by quantifying their GHG emissions, 

nd thus other environmental impacts associated with tea life cy- 

le remain unclear. They have also shown that tea life-cycle GHG 

missions vary substantially between countries, ranging from 0.6 

o 21.5 kg CO 2 eq/kg dry tea, confirming the spatial variability and 

ighlighting the need to conduct China’s own research considering 

ocal cultivation and processing technologies. 

Here, we report on the first comprehensive study of China’s 

ea production considering the environmental, economic, and ener- 

etic aspects of tea cultivation and processing. Tea in China is cate- 

orized into six types: white, yellow, green, oolong, black, and dark 

ea ( Zheng et al., 2015 ). In our study, we focused on green tea be-

ause it accounts for the largest share ( Fig. 1 ) and is globally con-

umed for its widely recognized health benefits ( Lecumberri et al., 

013 ). We further separated tea for domestic consumption from 

ea for export (termed local tea and exported tea hereinafter) 

nd studied both products by surveying > 100 tea farms and ~80 

ea processing workshops. Given China’s rich tea cultures, Chinese 

eople have particular demands for tea qualities, including color, 

hape, scent, and taste ( Zeng et al., 2013 ). For example, local tea
270 
s generally made from intact tender leaves or buds, whereas ex- 

orted tea can be made from any tea leaves, tender or mature, 

ntact or broken ( Han et al., 2014 ). As a result, distinct differ-

nces arise in how the two tea products are harvested, leading po- 

entially to their different environmental impacts. Furthermore, in 

ur environmental LCA, we analyzed the mitigation potentials of 

hree strategies, namely, improving fertilizer use efficiency, intro- 

ucing new variety and using renewable energy for tea process- 

ng. We close by discussing the implications of our major findings. 

he specific aims of our study are to i) quantitatively evaluate and 

ompare the economic characteristics, environmental impact, and 

mergy use of the two tea supply chains; ii) identify the hotspots 

f environmental impacts; and iii) analyze the mitigation poten- 

ials to explore optimization strategies for sustainable tea produc- 

ion. 

. Methods 

.1. Study area 

Our study area is the Shengzhou city in Zhejiang Province, 

here tea cultivation covers an area of 11,0 0 0 ha and employs 

2,0 0 0 farmers (or ~36% of all farmers in the area) ( Xu, 2008 ).

ost tea farms in Shengzhou are located in mountainous or 

emi-mountainous areas with a subtropical maritime monsoon cli- 

ate. Rainfall is abundant with a mean annual precipitation of 

461 mm and a mean annual temperature of 16.4 °C. Shengzhou 

njoys ~1990 sunshine hours and has a frost-free period of ~240 

ays in recent years. And its main soil types are red soil, yellow 

oil, yellow brown soil, acid purplish soil, regosol, and meadow 
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Fig. 2. The system boundary of local and exported green tea defined in this study for economic, life-cycle, and emergy analyses. 
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oil (“GB/T 17296-2009 . Classification and codes for Chinese soil.,”

009 ). Most tea farms in Shengzhou are 0.9 ± 0.5 ha based on our 

urvey, and have been in operation for more than 30 years. Note 

hat a tea farm in this area can remain cultivated for more than 

00 years if it is well managed and maintained. In 2017, Shengzhou 

roduced > 6,0 0 0 tons local tea and > 60,0 0 0 tons of export tea,

ccounting for about two-thirds of the country’s exports. Overall, 

hengzhou’s green tea production is representative of the national 

verage situation partly because of its being a major green tea pro- 

ucer in China and partly because most tea farms in Shengzhou 

re owned by smallholders, a scale of tea production that is also 

ypical of the country. 

.2. System boundary, major processes, and data sources 

The system boundary selected for both exported and local tea 

roduction includes tea cultivation, primary processing, and refin- 

ng ( Fig. 2 ), and is applied consistently across the economic, life- 

ycle, and emergy analyses. Specifically, it is a cradle-to-gate sys- 

em, starting from tea cultivation where various agricultural inputs 

rom upstream are applied and ending at the refining factory gate. 

he reference year of our analyses is 2017. 

During tea cultivation, fertilization is widely used to increase 

ields. The main fertilization method is top-dressing, and few 

armers use deep application due to rising labor costs in recent 

ears. Insecticides and fungicides are applied 2–3 times annually, 

hile herbicides are forbidden by the local government to ensure 

he quality and safety of agricultural products. Irrigation is usually 

ot used because tea-growing seasons are synchronized with rain- 

all in this area. The main difference in the agricultural manage- 

ent practice between local and exported tea is harvesting meth- 

ds. Exported tea uses primarily mature leaves, which are har- 

ested four times from mid-April to late October by a machine 

ith one to six bud leaves plucked. Local tea uses primarily tender 
271 
eaves or buds, which are harvested from mid-March to late April 

y hand with one to three bud leaves plucked. The use of hand- 

icking in local tea harvest is meant to best protect the integrity of 

he leaves. For local tea, because only buds or very tender leaves 

re harvested, its yields are substantially lower than those of ex- 

orted tea (1,500 vs 21,0 0 0 kg/ha). Generally, tea plants are pruned 

nce a year to prevent apical dominance and improve yields, and 

hey enter a dormant period in winter, during which no agricul- 

ural operations are carried out. 

After harvest, the fresh leaves are promptly transported to a pri- 

ary processing factory over an average distance of 38 ± 14 km, 

nd then dried with heat. Green tea processing differs little be- 

ween the two products, except for the main energy source used 

or drying (coal for exported tea and electricity for local tea). The 

ried tea leaves contain impurities and need to be further pro- 

essed in a refining factory. The main purposes of tea refining, 

ased on some baking technologies, are to improve the appearance 

nd quality (e.g., color, aroma, and taste). 

Data on tea cultivation, primary processing, and refining stages 

ere collected in 2017 from farmers and tea processing companies 

sing formal questionnaires (see Table 4 ). Specifically, for the cul- 

ivation stage, data on agricultural inputs, fuel consumption, labor 

nputs, on-field emissions, and yields of fresh leaves were collected 

rom the 105 tea farms, of which 60 targeted international markets 

nd 45 domestic markets. For the primary processing stage, data 

n energy, packaging, and labor inputs for the exported and local 

ea were from 54 and 26 primary processing workshops, respec- 

ively. For tea refining, only large companies are involved in China. 

hus, data on refining of the two tea products were obtained from 

he Zhejiang Huafa Tea Industry Co., Ltd., a company that special- 

zes in tea export. The company has a number of continuous au- 

omatic production lines of green, black, and oolong tea, with an 

nnual output of 10,0 0 0 tons of exported tea and 100 tons of local

ea. 
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Table 1 

Economic analysis of two tea supply chains at cultivation stage. 

Item Exported tea Local tea 

Aggregated input flows ( $/ha/year ) 

Natural resources 0.00 0.00 

Seedlings 66.65 66.65 

NKP fertilizer 577.62 577.62 

Urea 166.62 133.30 

Manure 466.54 –

Rapeseed cake – 1110.81 

Pesticide 79.98 133.30 

Fuel & Lubricants 13.48 3.41 

Machine & Equipment 355.46 133.30 

Maintenance & Repairing 35.55 13.33 

Harvest transportation 48.58 3.41 

Direct labor 1336.38 7401.43 

Total cost 3146.72 9576.56 

Output 

Fresh leaves (kg/ha) 3110.28 222.16 

Revenue ($/ha/year) 4665.42 14440.59 

Economic indices 

Profit ($/ha/year) 1518.56 4863.89 

Table 2 

Economic analysis of two tea supply chains at primary pro- 

cessing stage. Unit: $/kg dry tea. 

Item Exported tea Local tea 

Aggregated input flows 

Fresh leaves 0.93 40.43 

Electricity 0.03 0.70 

Coal 0.16 0.00 

Machine & Equipment 0.10 0.19 

Buildings 0.01 0.04 

Construction investment 0.01 0.06 

Maintenance & Repairing 0.00 0.01 

Transportation 0.07 0.07 

Direct labor 0.30 0.74 

Total cost 1.64 42.26 

Output 

Revenue 1.78 45.91 

Economic indices 

Profit 0.14 3.66 
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Table 3 

Economic analysis of two tea supply chains at refining pro- 

cessing stage. Unit: $/kg dry tea. 

Item Exported tea Local tea 

Aggregated input flows 

Gross tea 1.78 47.54 

Electricity 0.01 0.02 

Coal 0.01 –

Machine & Equipment 0.01 0.01 

Packing 0.02 2.96 

Buildings 0.03 0.03 

Construction investment 0.01 0.03 

Maintenance & Repairing 0.01 0.01 

Direct labor 0.12 0.81 

Rent 0.01 0.01 

Total cost 2.05 49.84 

Output 

Revenue 2.96 118.49 

Economic indices 

Profit 0.91 68.64 
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.3. Economic analysis 

We conducted a simple economic cost-benefit analysis to eval- 

ate the profit of the two tea products: 

 rof it = re v enue −
i = n ∑ 

i =1 

P i × f i i = 1 , 2 , . . . , n (1)

here the profit equals the difference between revenue and the to- 

al cost , which is the sum of the cost of individual inputs. f i is the

 th input flow of material, energy, or labor and P i is the unit price

f the i th flow. Details on the price of agricultural inputs, packings, 

nd energy use at different stages are shown in Tables 1–3 . 

.4. Life cycle assessment (LCA) and mitigation scenarios 

The LCA approach used in this study follows the guidelines 

n ISO 14040/44 (ISO, 2006a, b) and PAS 2050 ( BSI and Carbon 

rust, 2011 ). LCA procedure is divided into three steps: goal and 

cope definition, inventory analysis, and life cycle impact assess- 

ent. 

.4.1. Goal and scope definition 

The main goal of this study is to estimate the environmental 

mpacts of production of Chinese tea and to identify opportunities 

or improvements. We broke the three life-cycle stages described 

bove down into 15 processes for exported tea and 14 for local 
272 
ea ( Fig. 2 ). We defined the functional unit (FU) as 1 kg of (dry

nd refined) tea produced at the factory gate; for both tea prod- 

cts, 4.2 kg of fresh leaves are needed to produce 1 kg of dry 

nd refined tea ( Table 4 ). Data on tea seedlings were from one lo-

al tea nursery. The tea nursery is a one-time activity; we thus 

nnualized the direct inputs and outputs used in nursery, assum- 

ng a 30-year duration, and allocated them to the harvesting phase 

 Table 5 ). We excluded agricultural machinery (e.g., trimming and 

ea-plucking machines) and capital equipment (e.g., factory build- 

ngs) in our analysis as they generally contribute a small fraction to 

nnual emissions after amortization ( Hill et al., 2006 ; Yang et al., 

012 ). We also excluded soil carbon storage. Although tea culti- 

ation can increase soil carbon stocks, the rate of carbon storage 

ends to slow down and approach zero after 30 years ( Wang et al.,

019 ) and as described above most of the farms we surveyed have 

een in cultivation for about 30 years. 

.4.2. Inventory data 

The life cycle inventory analysis includes: (1) direct emissions 

rom each life cycle stage, including application of chemical fertil- 

zers and pesticides and combustion of fuels ( Table 6 ) and (2) up-

tream emissions embedded in various inputs, including urea and 

PK compound fertilizers, organic fertilizers, rapeseed meal, pes- 

icides, and packaging materials. Data for all the upstream emis- 

ions were from the Ecoinvent database (v2.2). Specifically, soil 

 2 O emissions were estimated using an average emission fac- 

or of 3.09% of N input based on previous field measurements 

 Chen et al., 2017 ; Han et al., 2013 ; Yao et al., 2018 ). NO x emissions

ere estimated as a fraction (21%) of N 2 O emissions ( Nemecek and 

chnetzer, 2011 ). NH 3 emissions were estimated based on an emis- 

ion factor of 11.14% of total N quantity ( Wang et al., 2016 ). Based

n Ma et al. (2012), emission factors for NO 3 –N and PO 4 –P were

.1% and 0.2% of total N and P inputs, respectively. The percent- 

ges of pesticides released to the air, water, and soil were 10%, 

%, and 43%, respectively ( van Calker et al., 2004 ). Data on heavy

etals contained in fertilizers and crops were derived from lit- 

rature ( Wang and Ma, 2004 ). Emissions from diesel combustion 

ame from reference ( Liang, 2009 ) and emissions from coal com- 

ustion were derived from the Ecoinvent database (v2.2). In order 

o improve the transparency of the inventory data, we have shown 

ow the input / output processes have been modeled in LCA (Table 

11 and S12). 

Only the main agricultural materials and transport routes were 

onsidered in the stage of transport and distribution. Information 

n the routes, transport types, and average distances is listed in 

able S10 (SI), and was obtained from tea farmers and producers. 
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Table 4 

Inputs and outputs of the exported and local tea supply chains. 

Items Unit Exported tea Local tea 

Average Min. Max. SD Average Min. Max. SD 

Cultivation (/ha/year) 

Inputs Seedlings kg 140 - - - 140 - - - 

Urea kg 750 300 1800 304 600 0 1200 253 

NPK fertilizer kg 1500 375 3000 598 1500 300 3000 676 

Manure kg 1800 1600 2400 353 - - - - 

Rapeseed meal kg - - - - 3000 0 4500 1570 

Pesticide L 1.50 1.25 3.75 1.03 3.75 1.50 4.50 0.94 

Fungicide L 1.20 0.00 1.75 0.55 0.75 0.00 3.50 0.82 

Diesel kg 76 68 82 9.8 19 15 30 4.86 

Direct labor h 602 550 750 52 7802 7500 9000 1631 

Outputs Fresh leaves kg 21000 19875 21750 1497 1500 900 1650 262 

Primary processing (/kg dry tea) 

Inputs Fresh leaf kg 4.20 3.90 4.80 0.43 4.20 4.10 5.50 0.78 

Electricity kWh 0.24 0.17 0.31 0.03 5.50 3.90 9.20 1.64 

Coal kg 1.13 0.55 1.94 0.28 - - - - 

Polypropylene bag g 0.42 0.33 0.74 0.01 0.54 0.30 0.81 0.17 

Direct labor h 0.14 - - - 0.19 - - - 

Outputs Gross tea kg 1.00 - - - 1.00 - - - 

Waste leaf g 0.5 - - - 0.5 - - - 

Refining processing (/kg dry tea) 

Inputs Gross tea kg 1.00 - - - 1.00 - - - 

Electricity kWh 0.05 - - - 0.14 - - - 

Coal kg 0.07 - - - - - - - 

Polypropylene bag g 0.12 - - - 0.12 - - - 

Paper packings g 168 - - - 120 - - - 

Direct labor h 0.003 - - - 0.100 - - - 

Outputs Dry tea kg 1.00 - - - 1.00 - - - 

Min.: minimum; Max.: maximum; SD: Std. deviation. 

Table 5 

Annual inputs used in the tea nursery (/ha/year). 

Items Units Amount 

Tea stem (cuttage) kg 11300 

NPK fertilizer kg 1200 

Organic fertilizer kg 750 

Pesticide kg 5.4 

Bamboo kg 6750 

Shading net (Polypropylene) kg 90 

Electricity kwh 440 

Direct labor labor h 9540 

It is assumed that the tea seedlings used for exported 

tea and local tea are the same. 

Table 6 

On-field emissions at tea cultivation stage (/ha/year). 

Items Unit Exported tea Local tea 

Emissions to air 

CO 2 kg 62.68 243.05 

N 2 O kg 32.04 31.61 

CH 4 g 0.14 0.53 

CO kg 0.01 0.05 

SO x kg 0.08 0.30 

NO x kg 6.82 7.00 

NH 3 kg 89.50 88.06 

Bifenthrin kg 0.15 0.375 

Chlorothalonil kg 0.12 0.075 

Emissions to surface water 

NO 3 
− kg 2.92 2.88 

Ptot kg 0.06 0.05 

Bifenthrin kg 0.015 0.038 

Chlorothalonil kg 0.012 0.007 

Emissions to soil 

Bifenthrin kg 0.645 1.613 

Chlorothalonil kg 0.516 0.323 

Pb g 4.41 3.72 

Cd g 0.41 0.39 

Cu g 16.54 16.47 

Zn g 522.82 522.71 
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273 
or the transport of tea fresh leaves and gross tea, the distance be- 

ween tea plantation and the primary processing factory is 38 km 

n average, and the distance between the primary processing fac- 

ory and the refining factory is 27 km. 

.4.3. Life cycle impact assessment 

For impact assessment, we applied the CML2001 method 

 Guinée et al., 2001 ). We focused on six environmental impact cat- 

gories closely related to agro-industrial food production, namely, 

lobal warming potential (GWP) (100 years), acidification potential 

AP), eutrophication potential (EP), aquatic ecotoxicity (AT), human 

oxicity (HT), and terrestrial ecotoxicity (TT). In addition, cumula- 

ive energy demand (CED) was used to determine the consumption 

f nonrenewable fossil energy. Normalization and weight factors of 

otential environmental impacts are shown in Table S1. 

.4.4. Scenario analysis 

We performed a scenario analysis to qualify the energy-saving 

nd emission-reduction potentials of tea production ( Fig. 5 ). We 

onsidered two short-term scenarios reflecting improved fertilizer 

se efficiency and adoption of new varieties, and one relatively 

onger-term scenario reflecting the use of renewable energy in lieu 

f thermal energy either on site or as a result of greater penetra- 

ion of renewable in China’s power grids. Currently, tea production 

n China consumes an average of 420 kg N per ha, but research has 

hown that lower rates of 350-400 kg N/ha are sufficient ( Ma et al.,

013 ). Thus, we assumed an average N application rate of 375 kg 

/ha in the fertilizer use efficiency scenario. Research has also 

hown that new tea varieties can increase yields by 20% ( Xu et al.,

019 ), a rate we adopted in the new varieties scenario. In the re- 

ewable energy scenario, we assumed that coal and thermal power 

n the benchmark were replaced by solar energy. We also quanti- 

ed the cumulative effects of adopting all three measures. 

.4.5. Sensitivity analysis 

A sensitivity analysis was conducted to explore the robustness 

f LCIA results for the two tea products. Specifically, the effects of 
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Table 7 

The economic characteristics of the exported tea and 

the local tea (unit: $/kg). 

Exported tea Local tea 

Cultivation 

Total cost 0.63 26.81 

Revenue 0.93 40.43 

Profit 0.30 13.62 

Primary processing 

Total cost 1.64 42.25 

Revenue 1.78 45.91 

Profit 0.14 3.66 

Refining 

Total cost 2.05 49.84 

Revenue 2.96 118.49 

Profit 0.91 68.64 

Fig. 3. Difference of the characterization results between Chinese local and ex- 

ported tea. 

Table 8 

The environmental impacts of the exported tea and the local tea. 

Environmental impact Unit Exported tea Local tea 

Cumulative energy demand MJ eq/kg 94.10 330.71 

Global warming potential kg CO 2 eq/kg 8.28 49.90 

Acidification potential kg SO 2 eq/kg 0.13 0.61 

Eutrophication potential kg PO 4 eq/kg 0.01 0.19 

Aquatic ecotoxicity kg 1,4-DB eq/kg 1.02 35.70 

Human toxicity kg 1,4-DB eq/kg 3.34 7.46 

Terrestrial ecotoxicity kg 1,4-DB eq/kg 0.04 2.83 
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ariation of key parameters, namely, N 2 O, NH 3 , chemical fertilizer, 

apeseed meal, coal, and electricity, were used to test the LCIA re- 

ults (Fig. S2–S3). 

.5. Emergy analysis 

As a bridge between environmental and economic systems, 

mergy analysis ( Odum, 1996 ) is particularly suited for evaluating 

ystems at the interface between the “natural” and “human” sys- 

ems, such as agroecosystems ( Cuadra and Rydberg, 2006 ). Solar 

mergy is defined as the amount of available energy (expressed 

s solar equivalents) directly or indirectly required to support a 

iven system ( Odum, 1996 , 1983 ). The unit of solar emergy is so-

ar emjoules, abbreviated as sej. The emergy requirement per unit 

f output (be it energy, matter, labor, or currency) is named unit 

mergy value (UEV) and measured as sej/unit (sej/j, sej/g, sej/h, 

ej/$). The emergy of a system is calculated by the following equa- 

ion: 

mergy = 

i = n ∑ 

i =1 

UE V i × f i i = 1 , 2 , . . . , n, (2) 

here Emergy is the total solar emergy supporting the system, f i is 

he i th input flow of matter energy or labor, and UEV i is the unit

mergy value of the i th flow (based on literature or our own esti- 

ates). All energy sources are categorized into three types: i) free 

ocal renewable resources (L R ), such as sun and rain; ii) free lo- 

al nonrenewable resources (L N ), such as topsoil loss; and iii) eco- 

omic feedbacks resources (F), which are from outside the studied 

groecosystem and in our study include fertilizers, pesticides, en- 

rgy, and packaging materials used for tea cultivation and process- 

ng (Fig. S1). The inputs that entered the systems were divided into 

enewable and nonrenewable fractions using their respective re- 

ewability factors (RNF, %R). The emergy analysis tables are shown 

n Table S2–S4. UEVs and RNFs used in this study are shown in 

able S5. The updated global emergy baseline used in our analysis 

as 12.0 × 10 24 sej/year ( Brown and Ulgiati, 2016 ). Meteorological 

ata of Shengzhou City were acquired from the China Meteorologi- 

al Information Center ( “China National Meteorological Information 

enter,” 2020 ). The energy conversions of each item were derived 

rom a prior study ( Luo, 2001 ). The estimation of emergy exchange 

atio, the fair price of exported tea, and the potential environmen- 

al service (Ep) can be found in Table S13. 

. Results 

.1. Profitability of local and exported tea 

Based on our cost-benefit analysis, we find that local tea is con- 

iderably more lucrative, valuable, and profitable than exported tea 

 Table 7 ). Farmers earn only 0.30 $/kg per kg of exported tea, but

3.62 $/kg per kg of local tea. Of all the three main stages, tea re-

ning is most profitable. The total cost of local tea (49.84 $/kg) is 

4 times higher than that of exported tea (2.05 $/kg), and its rev- 

nue is 40 times higher (118.49 vs 2.96 $/kg). As a result, the profit

f local tea is 75 times higher than that of exported tea (68.64 

s 0.91 $/kg). A main driver of the cost of tea in China, especially

or local tea, is labor. The total labor inputs for local tea are 82 

imes higher than those for exported tea (22.14 vs 0.27 labor h/kg), 

ecause hand-plucking involved in local tea harvest is extremely 

abor-intensive (21.85 labor h/kg). At the cultivation stage, the costs 

f labor contribute the most, with 43% in exported tea and 77% in 

ocal tea. 
274 
.2. Environmental sustainability of tea production 

.2.1. Life-cycle environmental impacts and main contributors 

The environmental impacts of local tea are also much greater 

han those of exported tea ( Fig. 3 ). First, the GHG emissions of lo-

al tea are about 6 times those of exported tea (49.90 vs 8.28 kg 

O 2 eq/kg) ( Table 8 ). The much higher GHG emission rate of lo- 

al tea is caused primarily by its low yields (of tender leaves and 

uds). As a result, the cultivation stage of local tea dominates its 

otal GHG emissions, with 42.93 kg CO 2 eq per kg of tea produced, 

nd primary processing and refining add another 6.51 and 0.40 kg 

O 2 eq/kg, respectively (Tables S6–S9). For exported tea, cultiva- 

ion, primary processing, and refining contribute 2.91, 4.35, and 

.02 kg CO 2 eq/kg, respectively. 

In addition to GHG emissions, other environmental impacts of 

ocal tea are also greater than those of exported tea. The cumu- 

ative energy demand of local tea is > 3 times higher than that 

f exported tea (330.71 vs 94.10 MJ eq/kg). The acidification and 

utrophication impacts of local tea are > 4 and > 14 times higher 

han those of exported tea (0.61 vs 0.13 kg SO 2 eq/kg and 0.19 vs 

.01 kg PO 4 eq/kg). The acidification impacts of two tea products 

re mainly from primary processing and cultivation, whereas culti- 
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Fig. 4. Main contributors to the environmental impacts of (a) the exported and (b) 

local tea. 
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ation is the major source of eutrophication impact (Tables S6–S9). 

he aquatic ecotoxicity, human toxicity and terrestrial ecotoxicity 

f local tea are about > 35, 2, and 64 times higher than those of

xported tea, respectively (35.70 vs 1.02 kg 1,4-DB eq/kg, 7.46 vs 

.34 kg 1,4-DB eq/kg and 2.83 vs 0.04 kg 1,4-DB eq/kg). For local 

ea, cultivation is the principal cause of the three toxicity impacts, 

amely, 99% to aquatic ecotoxicity, 72% to human toxicity, and 99% 

o terrestrial ecotoxicity. For exported tea, cultivation contributes 

1% to aquatic ecotoxicity and tea primary processing contributes 

2% to human toxicity and 62% to terrestrial ecotoxicity. 

More specifically, for exported tea, coal use (mainly from pri- 

ary processing) is the dominant cause of cumulative energy de- 

and, GHG emissions, acidification, human toxicity, and terrestrial 

cotoxicity, accounting for 51–84% of total impacts ( Fig. 4 a). On- 

eld emissions at cultivation stage are another important cause es- 

ecially for eutrophication and aquatic ecotoxicity, accounting for 

5% and 80% of the total impacts, respectively. The production of 

hemical fertilizer also contributes significantly to several environ- 

ental impacts (e.g., 15% to cumulative energy demand and 12% 

o eutrophication). Similarly, for local tea, on-field emissions con- 

ribute 54–80% to GHG emissions, acidification, eutrophication, and 

quatic ecotoxicity ( Fig. 4 b). Fertilizer (chemical fertilizer and rape- 

eed meal) is a principal cause of all the environmental impacts. 

or example, chemical fertilizer contributes 51% to cumulative en- 

rgy demand, 23% to GHG emissions, and 53% to human toxic- 

ty, and rapeseed meal contributes 84% to terrestrial ecotoxicity, 

ainly due to the application of large amounts of pesticides during 

ape cultivation. Electricity use (mainly from tea primary process- 

ng) also contributes substantially to cumulative energy demand 

nd human toxicity (i.e., 35% and 27%, respectively). 

.2.2. Comparison with literature 

As shown in Table 9 , most studies mainly focused on GWP 

nd showed estimates ranging from 1.99 to 21.53 kg CO 2 eq/kg 

 Xu et al., 2019 ). The estimated GWP of exported tea in this study

8.28 kg CO 2 eq/kg) was within this range, whereas local tea has 

n absolutely high GWP of 49.90 kg CO 2 eq/kg. The PAS 2050 clas- 

ifies emissions in a range of > 5 kg CO 2 per kg of product as

highly intensive” ( DEFRA, 2011 ). Based on this classification, both 

ea products in this study are technically considered a very high- 
275 
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Fig. 5. Mitigation potentials for China’s exported tea (a) and local tea (b). FUE, fer- 

tilizer use efficiency; NV, new variety; RE, renewable energy. FUE + NV + RE (cumula- 

tive effect). 
ntensity source of emissions. Notably, tea plantations in Asian 

ountries have been reported to have released more N 2 O into the 

tmosphere through nitrification or denitrification than other sta- 

le food crops, which can be explained by a large amount of fer- 

ilizer applied ( Tokuda et al., 2001 ; Huang et al., 2014 ; Zhu et al.,

014 ). Moreover, very few available studies reported the CED, AP, 

P, and HT of tea were 18.4 −30.5 MJ eq, 0.002 −0.01 kg SO 2 eq,

.0 01 −0.0 03 kg PO 4 eq, and 0.03 −0.26 kg 1,4-DCB eq/kg dry tea,

espectively, which were all lower than the values obtained in this 

tudy ( Taulo et al., 2016 ; Kouchaki-Penchah et al., 2017 ; Soheili-

ard et al., 2018 ). A comparative basis is lacking due to lim- 

ted research on other environmental impacts of related tea prod- 

cts worldwide. Direct and constructive conclusions by compari- 

on with other studies is difficult to make due to different con- 

umptions, system boundaries, and databases. However, the high 

nvironmental impacts of tea in this study are mainly due to on- 

eld emissions of cultivation stage being included. As shown in 

able 6 , most studies excluded the cultivation stage of all the avail- 

ble 14 studies. For example, Kouchaki-Penchah et al. (2017) and 

hanali et al. (2017) evaluated the GWP, AP, and EP of tea, which 

re closely related to N 2 O and NH 3 emissions and NO 3 
– leaching. 

owever, they only considered the stage of agri-material acquisi- 

ion and tea processing, complex soil physical and chemical pro- 

esses at the tea cultivation stage are neglected. In this study, using 

WP as an example, if excluding the field emissions of tea cultiva- 

ion, the GWP of the exported tea and local tea will be decreased 

y 23.1% and 12.6% respectively. Thus, a well-established LCA study 

n tea must include field emissions during cultivation. 

.2.3. Mitigation scenarios 

The strategies proposed can effectively save energy and reduce 

nvironmental emissions for both tea systems ( Fig. 5 ). The use of 

enewable energy can greatly save cumulative energy demand by 

2% for exported tea and 34% for local tea. Improving fertilizer use 

fficiency and introducing new tea varieties can reduce cumula- 

ive energy demand by 3%-5% for exported tea and 10%-26% for 

ocal tea. The adoption of all three strategies can save 70% of cu- 

ulative energy. For GHG, improving fertilizer use efficiency and 

tilizing renewable energy can greatly reduce total emissions by 

4%-51% for exported tea and 13%-55% for local tea. And planting 

ew tea varieties can reduce GHG emissions by 6% and 14% for ex- 

orted tea and local tea. Adopting all three strategies can reduce 

otal emissions by 82-91% for both tea products. For acidification, 

mproving fertilizer use efficiency and utilization of new varieties 

nd renewable energy can reduce the impact by 32%, 4%, and 62% 

or exported tea, and by 52%, 14%, and 13% for local tea. Adopting 

ll three strategies can reduce acidification emission by 79%-98% 

or the two teas. For eutrophication, improving fertilizer use effi- 

iency can greatly reduce the impact by 34% and 60% for exported 

ea and local tea. The use of new varieties and renewable energy 

an reduce eutrophication by 10%-13% for exported tea and 1%-16% 

or local tea. The adoption of all three strategies can reduce 57%- 

7% of eutrophication for both tea products. For aquatic ecotoxicity, 

mproving fertilizer use efficiency and utilization of new varieties 

nd renewable energy can reduce the impact by 4%, 15%, and 10% 

or exported tea, and by 10%, 17%, and 1% for local tea. Adopting all

hree strategies can reduce acidification emission by 28%-29% for 

he two teas. For human toxicity, utilizing renewable energy can 

reatly reduce the impact by 79% for exported tea and 25% for lo- 

al tea. Improving fertilizer use efficiency and introducing new tea 

arieties can reduce human toxicity by 2%-4% for exported tea and 

2% for local tea. The adoption of all three strategies can reduce 

he total impact by 85% for exported tea and 49% for local tea. For 

errestrial ecotoxicity, improving fertilizer use efficiency and uti- 

ization of new varieties and renewable energy can reduce the im- 

act by 7%, 6%, and 61% for exported tea, and by 45%, 17%, and 1%
276 
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Table 10 

Aggregate emergy flows of two tea production systems (sej/kg/year). 

Aggregate emergy flows Exported tea % Local tea % 

Free local renewable resources (L R ) 3.37 × 10 11 3.3% 4.72 × 10 12 1.8% 

Free local nonrenewable resources (L N ) 2.79 × 10 10 0.3% 3.90 × 10 11 0.2% 

Purchased inputs (P) 6.98 × 10 12 68.0% 2.20 × 10 14 84.9% 

Services (S) 2.92 × 10 12 28.4% 3.40 × 10 13 13.1% 

Purchased commodity and services (F = P + S) 9.90 × 10 12 96.4% 2.54 × 10 14 98.0% 

Renewable fraction of economic feedbacks resources (F R ) 4.12 × 10 11 4.0% 2.49 × 10 13 9.6% 

Nonrenewable fraction of economic feedbacks resources (F N ) 9.49 × 10 12 92.4% 2.29 × 10 14 88.4% 

Renewable emergy flows (L R + F R ) 7.49 × 10 11 7.3% 2.97 × 10 13 11.5% 

Nonrenewable emergy flows (L N + F N ) 9.52 × 10 12 92.7% 2.29 × 10 14 88.5% 

Total emergy input (U) 1.03 × 10 13 100.0% 2.59 × 10 14 100.0% 

Potential environmental input (E P ) 1.61 × 10 14 - 5.93 × 10 15 - 

The calculation results of potential environmental input (E P ) are shown in the Table S8. 
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or local tea. The adoption of all three strategies can reduce the 

otal impact by 74% for exported tea and 63% for local tea. 

.2.4. Sensitivity analysis 

The sensitivity analysis of key parameters on the LCIA results of 

xported tea is shown in Fig. S 2. When the use of coal was varied

y ±40%, the CED, GWP, AP, HT, and TT impacts varied between 

.77 −1.23, 0.81 −1.19, 0.76 −1.24, 0.68 −1.32, and 0.76 −1.24 relative 

o the baseline result; however, variation in chemical fertilizer ap- 

lication amount and on-field emissions (N 2 O and NH 3 ) has rel- 

tively little effects on these impacts. When the emission of NH 3 

as varied by ±40%, the EP impact varied by 0.80 −1.19 relative 

o the baseline result; however, variation in the amount of chem- 

cal fertilizer and coal has relatively little effects on EP impacts. 

hen the application amount of chemical fertilizer was varied by 

40%, the AT impact varied by 0.96 −1.04 times that of the base- 

ine, whereas AT impact was not very sensitive to the variation of 

he use of coal. 

For local tea, when the application amount of chemical fertil- 

zer was varied by ±40%, the CED and HT impacts varied between 

.79 −1.20 and 0.78 −1.21 relative to the baseline result; however, 

ariation in rapeseed meal application amount and electricity use 

as relatively little effects on these impacts (Fig. S 3). When on- 

eld emission (N 2 O and NH 3 ) was varied by ±40%, the GWP, AP, 

nd EP impacts varied by 0.79 −1.21, 0.74 −1.26, and 0.82 −1.18 rela- 

ive to the baseline; whereas the impacts of other parameters were 

ot very great. When the application amount of rapeseed meal was 

aried by ±40%, the AT and TT impacts varied by 0.93 −1.07 and 

.66 −1.34 relative to the baseline; however, variation in chemical 

ertilizer application amount and electricity use has relatively little 

ffects on these impacts. 

.3. Resource use 

As shown in Table 10 , the total emergy inputs are 

.03 × 10 13 sej/kg/year for exported tea and 2.59 × 10 14 sej/kg/year 

or local tea; the latter is 25 times higher than the former. The 

wo tea systems strongly rely on purchased commodity and ser- 

ices, accounting for 96.4–98.0% of total emergy. However, the 

ocal resources only account for a small proportion (2.0–3.6%). 

he nonrenewable emergy flows for exported tea and local tea 

ccount for 92.4% and 88.4%, respectively, of total emergy. Clearly, 

he Chinese tea supply chain is driven by economic feedbacks 

esources and nonrenewable resources. The potential environ- 

ental services reach 1.61 × 10 14 sej/kg/year for exported tea 

nd 5.93 × 10 15 sej/kg/year for local tea. The emergy of potential 

nvironmental services is 15.7 and 23.9 times higher than the 

otal emergy needed for the exported tea and local tea production, 

uggesting that the emergy required to dilute the environmental 

missions from the tea life cycles is far greater than that needed 

o supply the operation of the tea systems. 
277 
Fig. 6 shows the detailed emergy input structure. For exported 

ea, tea cultivation, primary processing, and refining contribute 

3.2%, 47.3%, and 9.5%, respectively, to the entire supply chain. 

abor and service account for the highest proportion of 50.1% 

f the total emergy inputs, mainly resulting from tea cultiva- 

ion and primary processing. Moreover, coal and chemical fertil- 

zer, also mainly from the two stages, contribute another 18.6% 

nd 17.5%, respectively, to total emergy. For local tea, tea culti- 

ation contributes the highest percentage of 91.6% and the two 

rocessing stages contribute only 8.4% to the emergy use. The la- 

or and service, mainly from tea cultivation, contribute the high- 

st (84.1%) to the total emergy use, mainly because local tea is 

and-plucked. Moreover, chemical fertilizer accounts for 8.9% of 

he overall emergy use. The contribution of other inputs is minor. 

. Discussion 

.1. Sustainability of Chinese tea 

China is a major tea producer, exporter, and consumer in the 

orld. In this study, we conducted an integrated economic, life- 

ycle, and emergy analysis, presenting to date the most compre- 

ensive picture of the economic benefits, potential environmen- 

al impacts, and the resource use efficiency of tea production in 

hina. Our comprehensive analysis represents a clear step forward 

ompared with previous studies focused only on a single aspect, 

hich may yield misleading or incomplete conclusions. For exam- 

le, if only profitability is considered, we would favor local tea 

ver exported tea because of its much higher economic profits for 

ea farmers. But the reality is more complicated, as local tea per- 

orms much worse on environmental and emergy indicators. Fur- 

hermore, the integration of potential environmental services into 

mergy analysis represents a methodological advance as this im- 

roves upon the classic emergy methods, which ignore the adverse 

ffects of emissions on the environment ( Wang et al., 2016 ). An in-

eresting finding from the emergy analysis is that the potential en- 

ironmental services are greatly higher than the total emergy driv- 

ng the two tea supply chains, indicating tea production is a highly 

olluting industry from the energic perspective. 

A major, and surprising, finding of our study is that the GHG 

mission intensity of China’s local tea is much higher than that of 

xported tea. This high GHG intensity of local tea results mainly 

rom low tea yields, as a result of Chinese consumers’ favor of 

xquisite, tender tea leaves that are harvested in a specific pe- 

iod. Our finding that the environmental impacts of local and ex- 

orted tea differ substantially has important implications. Had we 

ot separately evaluated the two tea products, we would severely 

verestimate the environmental footprint of exported tea and thus 

resent misleading results for downstream purchasers in their po- 

ential sustainable supply chain management. Similar explorations 
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Fig. 6. Emergy input structures of (a) the exported and (b) local tea. 
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ould be carried out for other countries to see if such a difference 

xists between their locally consumed tea and exported tea. This 

arge difference in China also suggests that if Chinese customers 

ecome less finicky about tender tea leaves, e.g., by shifting toward 

onsuming tea bags with tea powder as many international cus- 

omers do, this could substantially reduce the total environmental 

mpacts of tea production in China. 

In conducting the survey and interacting with tea farmers and 

rocesses, we have learned several issues related to the sustain- 

bility of tea production in China. In the mountainous areas of 

outhern China, tea cultivation is a pillar industry of economic de- 

elopment, of which profitability is the driving force. The very low 

rofit (0.3 $/kg) of exported tea raises concerns. And it has been 

aused by a malignant competition among an increasing number 

f exporting tea companies in China ( Wu, 2009 ). The small profit 

argin forces the refining factories to lower the purchase price 

f tea, resulting in upstream primary processing factories and tea 

armers bearing the brunt of the costs. Although local tea has a 

uch higher profit, there are also worrying signs. China’s local tea 

equires intensive labor investment, but because of continuous ur- 

anization, labor shortage is an increasing challenge in rural China. 

his may become an important bottleneck restricting the sustain- 

ble development of the China’s local tea industry in the near fu- 

ure. 

The PAS 2050 classifies emissions > 5 kg CO 2 per kg of prod- 

ct as highly intensive .( The Guide to PAS 2050-2011 ). Both local 

nd exported tea in China meet this criterion, highlighting the 

eed to take mitigation measures. First, considering the inten- 

ive use of fertilizer in China’s tea cultivation, how to achieve 

ustainable intensification ( Tilman et al., 2011 ; , Yang et al., 2018b )

ay be an important area of focus for future studies. Methods 

hown to be effective include applying area- and temporal-specific 

ates of fertilizer ( Wu, 2017 ; , Wang et al., 2020 ) and intercrop-

ing of different tea plant species ( He et al., 2001 ). Adopting im-

roved tea cultivars can also reduce the use of fertilizer while 

ncreasing yields ( Duan et al., 2014 ). Second, to further reduce 

he GHG emissions of tea cultivation in China, farmers may use 

rganic fertilizer like manure, which may increase soil carbon 

tocks ( Ji et al., 2018 ), and switch to renewable energy, includ- 

ng bioenergy. Zhong et al. (2017) showed that biomass granule 
278 
uel produced from tea residues amounts to 480 0–50 0 0 kcal/kg, 

hich can fully meet the fuel demand in some instant tea pro- 

essing ( Zhong et al., 2017 ). Finally, the tea industry in China 

hould strengthen the research on the integration of agronomy and 

gricultural machinery to standardize tea planting and production 

 Han et al., 2014 ). The labor efficiency of mechanical plucking is 

 8 times that of hand plucking and the production cost is 50–70% 

ower ( Mao and Lu, 2006 ). These strategies can help ensure the 

ong-term environmental and economic sustainability of China’s 

ea industry. 

.2. Limitations 

Some limitations are proposed in this study. First, this study 

nalyzes and compares the sustainability of the two most repre- 

entative Chinese green teas. However, due to the large number of 

hinese tea categories, more detailed comparisons are needed in 

he future, which can provide consumers with more reference for 

uying tea when they are willing to take responsibility for envi- 

onmental protection. Second, the average value of the inventory 

ata from different investigated farmers is used for modeling, it 

hould take more into account of the differences between regions 

ue to variable soil and climate types in the future research. Third, 

he sensitivity analysis indicates that on-field emissions, such as 

 2 O and NH 3 , need to be measured accurately, because variation 

f these parameters have large impacts on the final results of GWP, 

P, and EP. 

. Conclusions 

We conducted a comprehensive analysis of the economic ben- 

fits, potential environmental impacts, and the resource use effi- 

iency of tea production in China. Although local tea is much more 

rofitable than exported tea, it performs much worse on environ- 

ental and energic indicators. These findings provide important 

nformation for domestic and international tea beverage companies 

n their potential sustainable supply chain management of different 

ea products. The main findings and conclusions are as follows. 

Economic analysis showed that local tea has higher economic 

enefits than exported tea, helping to stimulate the local economic 
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itality. The costs of labor contributed the most with 43% and 77% 

o exported and local tea, respectively, at the tea cultivation stage. 

xport and local tea supply chains are faced with the challenges of 

ow economic benefits and labor shortage, respectively. 

Metrics of environmental impacts were yielded, including en- 

rgy consumption and global warming potential. Based on the as- 

umptions and system boundaries used in this study, local tea re- 

ulted in higher yield-scaled potential environmental burdens than 

xported tea did. Compared with tea refining processing, tea culti- 

ation and primary processing had a greater influence on the envi- 

onmental impacts. The study found that drying is by far the most 

nergy-consuming and carbon-intensive operation within the ex- 

orted tea supply chain, mainly due to the use of coal. However, 

or local tea, fertilization and the resultant on-field emissions were 

he most energy-consuming and carbon-intensive unit processes, 

espectively. The life-cycle-based scenario analysis indicates that 

he environmental impacts of China’s local and exported tea can 

e substantially reduced (by 28–98%) by improving fertilizer use 

fficiency, adopting new varieties, and using renewable energy. 

Total emergy use of local tea is 25 times higher than that of 

xported tea; thus, the exported tea has a higher production effi- 

iency than local tea does. However, two Chinese tea supply chains 

ere mainly driven by economic imported resources (96.4–98.0%) 

nd nonrenewable resources (88.4–92.4%). Labor and service was 

he largest single component to the total emergy use of exported 

50.1%) and local tea (84.1%), indicating a strong dependence of tea 

upply chain to labor inputs. The emergy of the potential envi- 

onmental service required to dilute the environmental emissions 

rom the production process is far more than the emergy needed 

o supply the operation of the tea production system. Thus, tea 

roduction is a highly polluting industry. The exported and local 

ea industry cannot keep sustainable development in the long run 

wing to its high environmental burdens. The EMA analysis indi- 

ates that the purchasers will benefit greatly from China’s tea in- 

ustry by commodity exchanges; a fairer price of the exported tea 

hould be 51.53 $/kg. 

To improve economic vitality and mitigate the environmental 

nd resource use problems of tea production systems, some policy 

ecommendations are proposed. Firstly, improving the mechaniza- 

ion level of tea production can help to enhance labor efficiency. 

econdly, promoting substitutions of raw materials and fuels is im- 

erative to strengthen green production of the upstream of tea 

upply chain. Thirdly, strengthening green and efficient production 

echnology of tea cultivation. Finally, raising the price of exported 

ea products properly is effective strategies to preserve local non- 

enewable resources. This study and its framework of joint use of 

CA, LCA, and EMA provide a necessary benchmark to which future 

ystem improvements can be compared. 
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