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Abstract: Climate change is an important global environmental threat. Agriculture aggravates
climate change by increasing greenhouse gas (GHG) emissions, and in response, climate change
reduces agricultural productivity. Consequently, the modern agricultural development mode has
progressively transformed into a kind of sustainable development mode. This study aimed to
determine the environmental impact and carbon footprint of Dongshan tea from Yilan County.
Environmental impact was assessed with use of SimaPro version 8.0.2 and IMPACT2002+. Results
showed that climate change has the largest impact upon it in general, followed by human health,
natural resources, and ecosystem quality. Furthermore, with use of the IPCC 2007 100a method for
carbon footprint of products (CFP), conventional tea was found to have a CFP of 7.035 kgCO2 -e, and
its main contributors are the raw material (35.15%) and consumer use (45.58%) phases. From this case
study, we found that the hotspots of the life cycle of environmental impact of Taiwanese tea mainly
come from fertilizer input during the raw material phase, electricity use during manufacturing, and
electricity use during water boiling in the consumer use phase (which contributes the largest impact).
We propose the ways for consumers to use of highly efficient boiling water facilities and heating
preservation, and the government must market the use of organic fertilizers in the national policy
subsidies, and farmers have to prudent use of fertilizers and promote the use of local raw fertilizers,
and engagement in direct sales for reducing the environmental impacts and costs of agricultural
products and thus advancing sustainable agriculture development.
Keywords: tea; climate change; sustainable agriculture; environmental impact; carbon footprint

1. Introduction
The IPCC Fifth Assessment Report states that greenhouse gas (GHG) emissions from human
activity have been the major factor for global warming since the middle of the 20th century. Agriculture
and relevant land use transition contributed 17% of the world’s anthropogenic GHG emissions in
2010 [1]. FAO [2] predicts a population of nine billion people by 2050, and to have sufficient food supply,
agricultural production should increase by 60% by the same year. This assumption has resulted in the
over-intensification of agriculture production systems that fail to consider the environmental impact
of agricultural activities, causing several adverse effects on environment, such as water pollution,
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soil degradation and erosion, biodiversity loss, and deforestation [3,4]. Environmental sustainability
is a challenge for agriculture, given that the latter is a major contributor of global environmental
impacts, especially land degradation, freshwater depletion, nutrient and pesticide pollution, and GHG
emissions [5,6]. Climate change can interfere with food availability; for example, temperature rise,
precipitation pattern changes, extreme weather events, crop pests, disease outbreaks, and water
shortage may result in the reduction of agricultural productivity [7,8]. Therefore, weakening the risks
posed by climate change to food security is a major challenge.
Sustainable agriculture is based on emphasizing environmental quality, improving agronomic
productivity, and minimizing global climate change. It is a type of agriculture that uses external
energy inputs lightly and efficiently and may involve decreases in industrial mineral fertilizers,
agrochemical input, and increases in the profit margins of farming systems [9,10]. Sustainable
agricultural systems will require a conversion from the dominant industrial agriculture formation
to one that conserves water and land, along with plant and animal genetic resources, and that
is environmentally non-degrading, economically viable, technically appropriate, and socially
acceptable [11,12]. Sustainable agriculture can raise productivity and meet sustainability criteria
to satisfy increasing human needs meanwhile contributing to the recovery and sustainability of
landscapes, the biosphere, and the earth systems [13].
Life cycle assessment (LCA) is a suitable and powerful means to evaluate environmental impact.
It links up with a product, producing process, or activity during its life cycle from raw material
extraction or production to final disposal, namely, “cradle to grave.” Moreover, LCA is the method
that can assess the whole life cycle of a product or service. In the last few years, this methodology
has begun to concentrate on agriculture and its affected environmental impacts, such as climate
change, eutrophication, acidification, nutrients, fertilizers, and crops [14–16]. However, studies
rarely consider the entire agricultural system, which comprises various activities (e.g., cropping,
breeding, nutrient leaching) and materials (e.g., fertilizer, feeds), which would provide a systematic
analysis and comprehensive strategies [17]. Environmental LCA is a significant method for presenting
environmental improvements, given that it quantifies sources of impacts throughout a product’s
life cycle for various environmental impacts, thereby allowing environmental improvements to be
determined and ranked; this method has been confirmed to be useful [18–21]. The concept of circular
economy is changing our awareness on waste. Life cycle assessment (LCA) is a method to assess
environmental impacts by recycling, recycling and recycling from cradle to cradle to narrow the
generation of waste [22].
Taiwan imports more than 90% of its energy and suffers from the effects of climate change,
including sea level rise and the resulting energy instability and GHG emission offset, which are
now serious problems facing the country [23]. Environmental sustainability is a challenge for
agriculture, given that the latter substantially contributes to global environmental impacts, especially
land degradation, freshwater scarcity, pesticide pollution, and GHG emissions [24]. Tea is an important
domestic economic crop in Taiwan [25]. Therefore, Dongshan tea was selected as the object of this study,
and the study region was Yilan County. This work specifically aimed to accomplish the following:
(1)
(2)
(3)

Comprehend the environmental impact from the carbon emission and life cycle of Dongshan tea
via LCA;
Determine the carbon emission sources from Dongshan tea from cradle to grave according to the
results of LCA;
Assess the study results and propose proper countermeasures for reducing environmental impact
and carbon emission.

Tea is primarily produced from the leaves of the plant Camellia sinensis and is the oldest and
a commonly consumed beverage in the world because of its refreshing effect and mild stimulant
properties, as well as the medicinal and general health-promoting properties produced by three major
characteristic secondary metabolites (catechins, theanine, and caffeine); tea has had enormous medical,
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Table 1. Cont.
Reference

Product/Country

System
Boundaries

Method
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Tea/Taiwan
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Venlo-greenhouse environmental impact was
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Researches on LCA for tea have generally focused on cradle to grave in environmental impact and
overall sustainability analyses. Farshad et al. [35] worked on an environmental–economic analysis of
tea’s life cycle in Iran from cradle to grave. LCA results indicated that the major pollutant inputs were
machinery and diesel fuel in farms and factories, whereas the three-layer packaging design had the
smallest environmental impact. Munasinghe et al. [36] focused on environmental impacts, economic,
social, and overall sustainability of the tea sector in Sri Lanka from cradle to grave. Their results
showed that energy use was highest during the consumer use phase; CO2 emission was highest
(44–47%) during the packaging phase; labor use was highest during the cultivation phase; and cost
was highest in the cultivation and purchasing phases. Chen et al. [38] studied the Organic Tea Product
Supply Chain Process Map and Carbon Footprint of Taiwan from cradle to grave. LCA results found
that the carbon footprint of tea was 12.53 CO2 eq/kg, which was highest (48.87%) during the raw
material phase, followed by the consumer use phase (31.8%). Fertilizer use during the raw material
phase and energy use during the consumer use phase were the identified hotspots.
In the field of LCA research on vegetables, Li et al. [39] studied a highly diverse vegetable
multi-cropping system in Fengqiu County (China) from farm gate to farm gate. Results showed that
a vegetable multi-cropping system would cause even fewer environmental impacts compared with
a single-cropping system. Shen et al. [40] studied the three facility modes of vegetable production
in China from farm gate to farm gate. LCA results indicated that the serious impact on fresh water
depletion and human, fresh water, and terrestrial toxicity is solar greenhouse. Furthermore, the
venlo-greenhouse environmental impacts are 101 and 740 times more serious than the solar greenhouse
and pollution-free approaches, respectively. Theurl et al. [41] studied unheated, soil-grown winter
vegetables in Austria via LCA from “cradle to gate”. LCA results found that unheated winter vegetable
production was more feasible than existing systems in Austria and Italy.
In the field of LCA research on fruits, Liu et al. [42] studied fossil energy use and greenhouse
emission in Chinese pear production from cradle to gate. LCA results showed that GHG emissions
in the pear production chain can be reduced by the use of manure in biogas production, transition
from conventional farming to organic farming, and reducing of mechanical cultivation. For reducing
environmental impacts, LCA could be applied as a means to conduct selections of agricultural inputs.
The work of Ingrao et al. [43] highlighted environmental hotspots in Sicilian peach production systems
from cradle to grave. LCA results found that irrigation methods had the most serious impact due to the
use of large volumes of water and energy. With improvements in irrigation methods, the production
process and usage of agricultural machinery can reduce GHG emissions. Longo et al. [44] studied
organic and conventional apple supply chains in the north of Italy from cradle to gate. LCA results
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showed that a considerable share of the overall energy and environmental impacts in farming was
because of the diesel consumption of agricultural machines and the use of fertilizers and pesticides.
Research on the sustainability of tea production and consumption shall produce important
information about means of improving the global tea industry and about output key experiences for a
broad range
ofxother
agri-industries
and contribute greatly to make development more sustainable5 of
[36].
Energies
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2.2. Life Cycle Inventory (LCI) Analysis and Limited
LCI analysis is the second step in LCA; it aims to obtain an accurate study of product carbon
footprint. Although PAS 2050, TS-Q 0010, and Product Life Cycle Accounting and Reporting
Standard and ISO14067 all consider that treatments of specific emissions and removals are given of
land use change, renewable power resources, and carbon storage, as well as delayed emissions, these
approaches are different and incomplete [46]. Inventory data for the study were obtained from face-
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2.2. Life Cycle Inventory (LCI) Analysis and Limited
LCI analysis is the second step in LCA; it aims to obtain an accurate study of product carbon
footprint. Although PAS 2050, TS-Q 0010, and Product Life Cycle Accounting and Reporting Standard
and ISO14067 all consider that treatments of specific emissions and removals are given of land use
change, renewable power resources, and carbon storage, as well as delayed emissions, these approaches
are different and incomplete [46]. Inventory data for the study were obtained from face-to-face
interviews, databases, and other studies; however, the inventory of land use change, delayed emissions,
renewable power resources, and carbon storage was excluded from this study due to limited manpower
and material resources [46], and CO2 absorption by growing plants was not considered [47].
Data collected from tea sapling acquisition, transport, and disposal phases were from the
factories. Data for cultivation (Compound fertilizer (15-15-15 = 15% nitrogen, 15% phosphorus,
and 15% potassium), Soybean meal (6.8-1.5-2.3), pesticide (herbicide), gasoline for transport, PE barrel,
and PVC tube) and manufacturing (withering, rolling, fermenting, drying, sorting, and packaging)
were collected from factories and other in-country studies [48]. At the consumer use phase, relevant
emissions, such as boiling water used to brew tea, were assessed. In this study, 1 kg tea was assigned as
the functional unit; 10 g tea and 0.5 L water were assigned for the consumer use phase; and 0.06 kWh
from using an electric kettle with grid electricity for boiling a pot of water and 0.35 L wastewater was
assumed to be energy consumption for assessment. The LCI result for a 150 kg production in 0.41 ha
land use is shown in Table 2.
Table 2. Inventory of data for Dongshan tea LCI.
Processing

Material/Energy

Quantity

Unit

Raw materials

Sapling transport
Machine (diesel)
Machine (gasoline)
Compound fertilizer (15-15-15)
Soybean meal (6.8-1.5-2.3)
Pesticide (herbicide)
PE (tube and barrel)
PVC tube

23.25
1.5
55.6
240
60
0.5
13.99
1.99

TKM
L
L
kg
kg
L
kg
kg

Manufacture

Machine (electricity)
Kerosene
Liquefied petroleum gas
Polythene bag

172.42
5
51.81
1.5

kWh
L
L
kg

Distribution

Finished product transport

8.25

TKM

Consumer use

Boiling of water
Tap water
Wastewater

900
7.5
5.63

kWh
m3
m3

Disposal

Retort pouch (landfill)
Papers (incineration plant)

50
60

kg
kg

2.3. Carbon Footprint Analysis
For quantifying the GHG impact of a product, PAS 2050, TS-Q 0010, Product Life Cycle Accounting
and Reporting Standard, and ISO14067 provide principles and requirements. Although methodologies
and procedures of these standards are similar, some differences still exist; quantization evolving from
GHG activity data multiplied by GHG emission or removal factors is recommended and in common
use [46]. In this study, this equation was used to quantify the carbon footprint for Dongshan tea from
cradle to grave.
Emission factors were mainly obtained from the database of Taiwan Environmental Protection
Administration, and the rest were based on the SimaPro 8.0.2 database and other public data. The GWP
value was used on the basis of IPCC 2007 100a, and the carbon dioxide emissions generated from
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electricity consumption (0.532 kg CO2 e/KWh) were determined by Taiwan’s National Greenhouse
Gas Registry website [49].
2.4. Life Cycle Impact Assessment (LCIA)
Environmental impacts were assessed using IMPACT2002+, with an assessment pattern involving
five steps, namely, characterization, damage assessment, normalization, weighting, and single score
computation [50]. This assessment method indicates a workable implementation of a combined
midpoint and damage approach, integrating all kinds of life cycle inventory results from 13 midpoint
categories to four damage categories. These midpoint categories can make the interpretation easier
and more useful for optimizing the damage categories [51].
The 13 midpoint categories of IMPACT 2002+ are carcinogens, respiratory, noncarcinogens,
inorganics, ozone layer depletion, ionizing radiation, respiratory organics, terrestrial ecotoxicity,
aquatic ecotoxicity, terrestrial acidification/nutrification, land occupation, nonrenewable energy,
global warming potential, and mineral extraction. The four damage categories are climate change,
human health, ecosystem quality, and resources. Jolliet et al. [51] introduced the set of normalization
factors, which were applied to change each category value into a new damage unit to conquer the
problems. The relations between impact categories and damaged categories are shown in Table 3.
Table 3. IMPACT 2002+ damage unit values.
Damage Categories
Value/Damage Unit

Midpoint Category

Value

Damage Unit

Human health
0.0077
DALY/pers/yr

Carcinogens
Noncarcinogens
Respiratory inorganics
Ozone layer depletion
Ionizing radiation
Respiratory organics

1.45 × 10−6
1.45 × 10−6
7.00 × 10−4
1.05 × 10−3
2.10 × 10−10
2.13 × 10−6

DALY/kg C2 H3 Cl
DALY/kg C2 H3 Cl
DALY/kg PM2.5
DALY/kg CFC-11
DALY/Bq C-14
DALY/kg C2 H4

Ecosystem quality
4650
PDF × m2 × yr/pers/yr

Aquatic ecotoxicity
Terrestrial ecotoxicity
Terrestrial
acidification/nutrification
Land occupation

8.86 × 10−5
8.86 × 10−5

PDF × m2 × yr/kg·TEG water
PDF × m2 × yr/kg·TEG soil

1.04

PDF × m2 × yr/kg SO2

1.09

PDF × m2 × yr/m2 org.arable

Global warming
potential

1

kg CO2 /kg CO2

Nonrenewable energy

5.10 × 10−2

MJ primary/MJ primary

Mineral extraction

45.6

MJ primary/MJ surplus

Climate change
9950
Kg CO2 /pers/yr
Resources
152,000
MJ primary/pers/yr

3. Results and Discussion
3.1. Carbon Footprint Analysis Results
In the case study of Dongshang tea, the carbon footprint is approximately 7.035 CO2 eq/kg, and
the ratio is roughly in accordance with the study of cradle to grave from local experts [38]. Details are
specified in Figure 3. Our study found that consumer use, accounting for 45.58% of the total, is the
major source of carbon emissions in the tea product life cycle. The raw material phase is the second
main source of carbon emissions, accounting for 35.15% of the total, followed by the manufacturing
phase, which accounts for 18.67% of the total. Distribution and disposal phases have a low percentage
of emissions.
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4. Conclusions and Perspectives
4. Conclusions
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in the
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phases. LCA results showed that energy used in the consumer use phase is the main hotspot in the
case of Dongshan tea, and the biggest environmental impact in the human health category comes
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Dongshan tea, and the biggest environmental impact in the human health category comes from the
use of fertilizers in the raw material phase. Therefore, a national policy of subsidizing use of organic
fertilizers and optimized fertilization strategy can reduce the environmental impact.
The largest energy consumption and life cycle environmental impact during tea processing is
contributed by black tea (versus Oolong and green) [63]. Dongshan tea is a kind of black tea, where the
emissions of LCA is the remaining 18.67% in the manufacture phase. In this case, solar power can be
utilized directly or indirectly during leaf drying and withering, thus reducing energy use.
Tea is the most widely consumed nonalcoholic beverage in the world apart from water [64];
therefore, improving sustainability in the tea industry will facilitate sustainable production and
consumption. Hence, we propose some measures for reducing carbon footprint and environmental
impact, including the use of highly efficient boiling water facilities and heating preservation.
The implementation of these measures will minimize the frequency of boiling water in the consumer
use phase and decrease the use of nitrogen fertilizers in the raw material phase.
An entire change of the economic model is impracticable; thus, a progressive conversion of
consumer behavior is feasible in achieving an environmentally sustainable society [65]. In summary,
LCA is an internationally recognized approach for the environmental assessment of products and
processes [66]. The methods, results, and conclusions in this study can be used as a reference by
future researchers. In addition, this study provides a complete impact analysis and identifies relevant
hotspots. Results provide essential data for policymakers, tea producers, and consumers, and the
suggested measures for the reduction of environmental impact can contribute toward a low-carbon
and sustainable agricultural development and consumption.
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