
1 

Sustainability assessment of straw direct combustion power 1 

generation in China: from the environmental and economic 2 

perspectives of straw substitute to coal 3 

Zhanwu Wanga, Zhenfeng Wanga, Guangyin Xua*, Jingzheng Renb*, Heng Wanga, Jin Lia 4 

a College of Mechanical and Electrical Engineering, Henan Agricultural University, 5 

Zhengzhou, Henan Province, China 6 

b Department of Industrial and Systems Engineering, Hong Kong Polytechnic 7 

University, Hong Kong SAR, China 8 

Corresponding author: College of Mechanical and Electrical Engineering, Henan 9 

Agricultural University, Zhengzhou, Henan Province, China 10 

Email: xgy4175@henau.edu.cn 11 

Email: renjingzheng123321@163.com; jzhren@polyu.edu.hk (J.Z. Ren) 12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.jclepro.2020.122890 This is the Pre-Published Version.

mailto:renjingzheng123321@163.com
mailto:jzhren@polyu.edu.hk


2 

Abstract: Straw power generation (SPG) can not only reduce dependence on coal, but 23 

also can convert agricultural waste into energy and alleviate environmental pollution. 24 

In order to address the major challenges such as sustainability of the SPG and to provide 25 

scientific ground from environmental and economic perspectives, a sustainability 26 

assessment model was established to evaluate the performance of SPG. Life cycle 27 

assessment (LCA), life-cycle cost (LCC) and the best-worst method (BWM) were 28 

integrated in the model. Four SPG scenarios were studied. The results showed that straw 29 

alternative coal-fired power generation had weak economic sustainability, the ratio of 30 

benefit to cost of SPG was 0.8752 to 1.1866. While, for the environmental dimension, 31 

a strong sustainability was obtained, the greenhouse gas (GHG) abatement potential of 32 

-0.8903 t CO2-eq t-1 straw. The findings obtained from the four SPG scenarios suggested 33 

that direct combustion SPG had great sustainability potential in China, and several 34 

factors such as straw supply chain model, pollutant treatment technology, transport 35 

vehicles and straw purchase cost were the main factors which lead to unfavorable 36 

economic performance. We suggest that the SPG schemes, transport models and 37 

financial subsidies should be carefully designed to improve the sustainability of straw 38 

power generation. 39 

 40 

Keywords: Direct Combustion Straw Power Generation; Sustainability; Life Cycle 41 

Assessment; Best-worst Method; Straw Supply Chain. 42 

 43 
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1 Introduction 44 

The gap between energy supply and demand is becoming increasingly prominent 45 

worldwide. Moreover, environmental and energy security issues are becoming more 46 

and more serious. In China, 70% - 80% of the electricity comes from thermal power 47 

generation and the main fuel is coal (NSBC, 2018). With the development of renewable 48 

energy, the proportion of coal-based power generation has decreased year by year. In 49 

2016, it was decreased by 33.476 million tons of coal compared with 2015 (NSBC, 50 

2018). China is one of the largest agricultural countries with abundant biomass 51 

resources. As a renewable and clean resources, biomass can be substituted for 52 

traditional fossil fuels. The utilization of crop straw was 720 million tons in 2015, where 53 

390 million tons (43.2%), 170 million tons (18.8%), 20 million tons (2.7%), 40 million 54 

tons (4%), and 100 million tons (11.4%) of total straw biomass has been utilized as 55 

fertilizer utilization, feedstuff utilization, raw material utilization, straw base stock 56 

utilization, and energy utilization, respectively (NDRC, 2015). China’s 13th five-year 57 

plan for renewable energy development clearly indicates that the proportion of 58 

renewable energy consumption in China will be 20% in 2030 (NDRC, 2016). Thus, the 59 

utilization of straw for energy production has tremendous development space. 60 

Biomass can replace coal for power generation and alleviate environmental 61 

pollution (Wen and Zhang, 2015). The developed countries in Europe, represented by 62 

France, Britain and Germany, have set clear targets and road maps for coal-fired power 63 

reduction, with plans to phase out all coal-fired power generation by 2022, 2025 and 64 

2050, respectively, and to convert coal-fired power plants into biomass plants (Shi et 65 
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al., 2017). At present, the UK is implementing the project of transformation coal-fired 66 

power stations into biomass power station, in which the installed capacity and power 67 

generation capacity of biomass power generation increased by 12% and 27% 68 

respectively in 2015; the coal consumption of Denmark decreased by nearly 60% from 69 

2000 to 2015, while the biomass energy consumption of agriculture and forestry 70 

increased by 100% in the same period, and the coal-fired power plants in Denmark have 71 

been gradually transformed into biomass power plants (Shi et al., 2017). China is also 72 

gradually reducing the proportion of coal-fired power generation and encouraging the 73 

use of biomass to replace coal-fired power generation. Increasing biomass power 74 

generations have been constructed with a total installed capacity of 21.16 million KW 75 

by 2019 (NEA, 2019). However, compared with developed countries, biomass power 76 

generation started late and developed slowly in China. What’s more, there is a lack of 77 

clear understanding of biomass to replace coal-fired power generation, which also faces 78 

the following problems:Ⅰ Is the environmental and economic benefits of biomass 79 

direct combustion power generation better than coal-fired power generation? Ⅱ There 80 

are many schemes of biomass direct combustion power generation, but which one is 81 

the best? Ⅲ  How about the sustainability of biomass direct combustion power 82 

generation? 83 

It is widely known that the open burning of agricultural residue emits a large 84 

amount of pollutants. Sun et al. (2016) showed that about 2707.34 Tg of CO2 was 85 

emitted by agriculture residue in open burning from 1996 to 2013. Wang et al. (2018) 86 

showed that the average annual biomass burning emissions in China from 2000 to 2012 87 
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lead to emission of 880.66 Mt for CO2, 96.59 Mt CO2-eq for CH4, and 16.81 Mt CO2-88 

eq for N2O. Straw power generation can provide clean energy and solve the pollution 89 

problem caused by burning agricultural waste directly in the field (Wen and Zhang, 90 

2015). Straw power generation can not only reduce the use of fossil fuels, but also 91 

increases the value of agricultural waste (Wang et al., 2017). There has been a lot of 92 

research on biomass power generation. Zhao and Yan (2012) used SWOT analysis 93 

method to assess the biomass power generation industry in China. Zhang et al. (2016) 94 

developed a real options model for evaluating the biomass power generation investment 95 

in China. Wang et al. (2015) studied direct combustion power generation of biomass. 96 

Shafie et al. (2013) studied the economic feasibility of rice straw co-firing at coal power 97 

plants. Wu et al. (2017) conducted risk assessment on the public-private joint venture 98 

project of straw power generation (SPG) in China. Rountree (2019) pointed out that 99 

renewable-based electricity was yet to become a competitive alternative to fossil fuel-100 

based electricity. While, the SPG industry is still lack of advanced development in 101 

comparison to other types of renewable energy, such as wind and solar energy, mostly 102 

due to the high collection cost of biomass (Cao et al., 2016). An efficient supply chain 103 

system can reduce transport costs, ensure the sustainable supply of straw, and promote 104 

the development of straw power generation enterprises. However, due to the many 105 

special characteristics such as small scale and scattered planting in China, it is difficult 106 

to implement the straw supply chain system. The transport costs can be reduced by 107 

optimizing the supply chain system (Ebadian et al., 2013). Ng and Maravelias (2017) 108 

analyzed the impact of straw transportation volume and distance. Golecha and Gan 109 
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(2016) studied the relationship between biomass transport costs and fuel productivity. 110 

Obviously, reducing the transport cost of straw is an urgent problem to be solved. 111 

Constructing a sustainable straw power generation system is in line with China's 112 

development strategy. A set of criteria to assess the sustainability is needed before the 113 

construction of the straw power plants. Nishiguchi and Tabata (2016) conducted 114 

economic and environmental assessments of wood biomass energy. Kylili et al. (2016) 115 

conducted environmental assessment of transportation and processing mechanisms of 116 

biomass granulation. Wang et al. (2017) developed an uncertain comprehensive multi-117 

attribute evaluation method to evaluate the biomass poly-generation system. However, 118 

reports on detailed assessment methods about straw power generation projects are still 119 

missing. To our knowledge, in most of studies about straw utilization, the authors have 120 

only considered one indicator. Song et al. (2017) studied the economics of straw pellet 121 

fuel. Wang et al. (2017) studied life cycle environmental impacts of straw briquette fuel 122 

utilization. Giorio et al. (2019) measured the main emissions from the energy 123 

conversion of pruning residues in vineyards and conducted an environmental 124 

assessment. Wang et al. (2018) evaluated straw utilization from views of regional 125 

energy, environment and socioeconomic benefits. However, there are few studies on 126 

SPG.  127 

Sustainability refers to a process or state that can be maintained for a long time, 128 

environmental and economic performances are the main factors which affect the 129 

sustainability (Sala et al., 2015). In the sustainability study of biomass energy utilization, 130 

there have mature evaluation methods for different evaluation indicators. Life cycle 131 
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assessment (LCA) is the main method for environmental assessment. Giuntoli et al. 132 

(2013) adopted the LCA method to study the environmental impacts of power 133 

generation from wheat straw bales and pellets. Wang et al. (2017) studied the 134 

environmental impact of straw briquette fuel by LCA. Life cycle cost (LCC) is one of 135 

the main methods for evaluating economic indicators. Ren et al. (2015) used the LCC 136 

method to optimize the cost of the biomass supply chain. Sun et al. (2017) carried out 137 

an economic evaluation of straw storage and transportation system. Best-worst method 138 

(BWM) is often utilized to determine the weight of indicators. Wang et al. (2019) used 139 

BWM to rank the risk factors and studied energy performance contracting system. It 140 

can be seen that these methods have been widely applied in different fields. 141 

Given that there is no detailed sustainability study on direct combustion SPG in 142 

China. Hence, we integrated the LCA, LCC and BWM methods to develop a 143 

sustainability assessment model of straw power generation from environmental and 144 

economic perspectives. The objective is to evaluate the sustainability of straw direct 145 

combustion power generation in China, and to determine the main factors affecting 146 

straw power generation.  147 

2 Methods  148 

In this section, a methodological framework for sustainability assessment of direct 149 

combustion SPG systems is presented. It can be summarized to four steps: (1) BWM 150 

for determining the weights of the criteria, (2) life cycle environmental assessment, (3) 151 

life cycle economic assessment, (4) sustainability assessment model. The 152 

methodological framework of this study is presented in Fig. 1. 153 
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 154 

Fig. 1. The methodological framework of this study  155 

2.1 Best-worst method 156 

In decision making problems, the accuracy of the weights of the criteria have 157 

significant impacts on the decision result which make determination of weight more 158 

crucial. Rezaei (2015) proposed a new method, so-called Best-worst-method (BWM), 159 

to determine the weight. Compared with other methods (e.g. Analytic Hierarchy 160 

Process), BWM has two main advantages: (1) BWM needs less pairwise comparisons 161 

and is easy for operations; (2) BWM can effectively determine the weight of the criteria 162 

according to the opinions and preferences of decision makers with higher consistency 163 

(Liao et al., 2019). The BWM method had been widely used in various fields, e.g. 164 
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supplier selection (Rezaei et al., 2016), sustainable evaluation of gasoline supply chain 165 

(Wan Ahmad et al., 2017), selection of biomass energy conversion technology (Van de 166 

Kaa et al., 2017). Ren (2018) studied the multi stakeholders system combined best-167 

worst method to select the ballast water treatment technology. The specific steps of 168 

BWM as follows (Rezaei, 2015): 169 

Step 1: Build a set of decision criteria. 170 

Decision makers usually make decisions by selecting the main criteria in complex 171 

decision-making problems. Suppose the decision makers select 𝑛 criteria, which can 172 

be expressed as (𝑘1, 𝑘2, ⋯ , 𝑘𝑛). 173 

Step 2: Determine the best and worst criteria. 174 

The decision makers determine the best criterion (e.g. the most superior, the most 175 

important, or most preferred) and the worst criterion (e.g. the least superior, the least 176 

important, or the least preferred), and marks them as 𝑘𝐵 and 𝑘𝑊, respectively. 177 

Step 3: Determine vector BO (Best-to-Others). 178 

In this step, selection of number between 1 and 9 represents the preference of the 179 

best criterion over all the other criteria. Best-to-Others vector can be obtained: BO =180 

(𝑎𝐵1, 𝑎𝐵2 ⋯ , 𝑎𝐵𝑛)，𝑎𝐵𝑗 indicates the preference of the best criterion 𝑘𝐵 over criterion 181 

𝑘𝑗. It is clear that 𝑎𝐵𝐵 = 1. 182 

Step 4: Determine vector OW (Others-to-Worst). 183 

Similar to the above step, selection of number between 1 and 9 represents the 184 

preference of all the other criteria over the worst criterion. Others-to-Worst vector can 185 

be obtained: OW = (𝑎1𝑊, 𝑎2𝑊, ⋯ , 𝑎𝑛𝑊)𝑇 ,  𝑎𝑗𝑊  indicates the preference of the 186 

criterion 𝑘𝑗 over the worst criterion 𝑘𝑊. It is clear that 𝑎𝑊𝑊 = 1. 187 

Step 5: Calculate the optimal weight（𝜔1
∗ , 𝜔2

∗ , … , 𝜔𝑛
∗） 188 
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For each pair of 𝜔𝐵/𝜔𝑗 and 𝜔𝑗/𝜔𝑊, we set 𝜔𝐵 𝜔𝑗⁄ = 𝑎𝐵𝑗 and 𝜔𝑗 𝜔𝑊⁄ = 𝑎𝑗𝑊. 189 

To satisfy these conditions for all 𝑗, we can find a result ξ that satisfies Eq. (1). 190 

ξ = min max
j

{|
𝜔𝐵

𝜔𝑗
− 𝑎𝐵𝑗| , |

𝜔𝑗

𝜔𝑊
− 𝑎𝑗𝑊|}                         （1） 191 

Considering the nonnegative of the weight, Eq. (1) can be converted into Eq. (2). 192 

min  max
j

{|
𝜔𝐵

𝜔𝑗
− 𝑎𝐵𝑗| , |

𝜔𝑗

𝜔𝑊
− 𝑎𝑗𝑊|}

𝑠. 𝑡.
∑ 𝜔𝑗𝑗 = 1

𝜔𝑗 ≥ 0, 𝑗 = 1,2, ⋯ , 𝑛

                             （2） 193 

Eq. (2) can be converted into the following problem, which is more conducive to 194 

solving the weight. 195 

min ξ
s. t.

|
𝜔𝐵

𝜔𝑗
− 𝑎𝐵𝑗| ≤ ξ

|
𝜔𝑗

𝜔𝑊
− 𝑎𝑗𝑊| ≤ ξ

∑ 𝜔𝑗𝑗 = 1

𝜔𝑗 ≥ 0, 𝑗 = 1,2, ⋯ , 𝑛

                                         （3） 196 

By solving Eq. (3), the optimal weight can be obtained 𝜔1
∗ , 𝜔2

∗ , ⋯ , 𝜔𝑛
∗ , as well as 197 

the value of ξ∗. 198 

Step 6: Consistency check 199 

The consistency ratio (CR) is effective index which reflects the degree of 200 

consistency in preference relation. It can be calculated by Eq. (4). 201 

CR =
ξ∗

CI
                                                   （4） 202 

where, CI is consistency index (Rezaei, 2015). The value of CI can be found in Table 203 

1. CR stands for consistency ratio, CR ∈ [0,1], CR → 0 indicates greater consistency, 204 

and CR → 1 indicates less consistency (Rezaei, 2015; Wu et al., 2019). 205 

 206 
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Table 1. Consistency index (CI) table (Rezaei, 2015) 207 

𝒂𝑩𝑾 1 2 3 4 5 6 7 8 9 

CI (max ξ) 0.00 0.44 1.00 1.63 2.30 3.00 3.73 4.47 5.23 

2.2 Life cycle environmental assessment  208 

Life cycle assessment (LCA) outlined by (ISO, 2006) had been widely employed 209 

to evaluate the environmental impact of a product’s life from raw material acquisition, 210 

production, use and disposal. Ren et al. (2014) studied the life-cycle energy efficiency 211 

of biomass fuels. The LCA method has four main steps: (1) target and system boundary, 212 

(2) life cycle inventory, (3) impact assessment, (4) life cycle interpretation. 213 

As the SPG system is complex, the following assumptions should be made in the 214 

modeling process: 215 

(1) Environmental impact of infrastructure is not considered. 216 

(2) The supply of straw is sufficient and straw supply chain is coordinated. 217 

(3) During the straw collection process, part of the straw has been reserved for 218 

returning to the field. 219 

2.2.1 Target and system boundary 220 

In the present study, we have used corn straw for power generation as an example 221 

to illustrate the developed model. The goal was to assess the environmental impact of 222 

the straw power generation and to carry out sustainability assessment by calculate the 223 

environmental indicator. The life cycle of straw can be divided into three parts: planting 224 

stage, transportation and burning. However, the differences in pretreatment (baling, 225 

briquetting and granulation), storage and transportation modes caused diversity of the 226 

straw supply. The boundary division of the straw power generation system is shown in 227 

Fig. 2. 228 
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 229 

Fig. 2. System boundary of straw power generation system 230 

2.2.2 Life cycle inventory analysis 231 

The second step of the LCA is inventory analysis.  232 

(1) Stage of planting 233 

Straw is the by-product of agricultural cultivation and also called agricultural 234 

waste. Xia et al. (2012) provided a calculation of the pollutant emissions during the 235 

corn straw planting stage. The pollutant emission coefficient as shown in Table 2. 236 

Table 2. Pollutant emission coefficient of corn straw at planting stage（g/t） 237 

 238 

The amount of pollutant emissions during the planting stage can be calculated by 239 

using Eq. (5). 240 

 CO2 CO NOX HC SO2 PM10 CH4 N2O Reference 

Coefficient 84860 46.31 101.35 / 87.43 9.22 186.12 1.44 Xia et al. (2012) 
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𝑄𝑖
𝑃 = 𝑄straw × 𝜕𝑖                                            (5) 241 

where, 𝑄𝑖
𝑃 represents the 𝑖-th pollutant emission in the straw planting stage, 𝑄straw 242 

represents the amount of straw collected, and 𝜕𝑖 is the emission coefficient of the 𝑖-243 

th pollutant. 244 

(2) Stage of transport 245 

Straw transport consists of the process of baling, transport and granulation. 246 

Transport vehicles emit pollutants when burning diesel. Different transport vehicles 247 

were used at different times. The emission coefficient of diesel combustion as shown 248 

in Table 3. 249 

Table 3. Emission coefficient of diesel combustion (g/L) 250 

 CO2 CO NOX HC SO2 PM10 CH4 N2O Reference 

Baling 

machine 
2616.637 14.995 34.988 4.598 0.588 5.199 0.149 0.068 Wang (2017)  

Tractor 2664.456 17.054 44.400 4.440 0.576 1.486 0.151 0.074 
Hu et al. 

(2014)  

Truck 2616.637 14.995 34.988 4.598 0.588 0.199 0.149 0.068 Wang (2017) 

The pollutant emission in the transport stage can be calculated by using Eq. (6). 251 

𝑄𝑗𝑖 = 𝐾𝑗 × 𝜑𝑗𝑖                                               (6)  252 

where, 𝑄𝑗𝑖 represents the emission of the 𝑖-th pollutant from the 𝑗-th vehicle at the 253 

transportation stage, 𝐾𝑗  is the amount of diesel used in the  𝑗 -th vehicle, and 𝜑𝑗𝑖 254 

represents the emission coefficient of the 𝑖-th pollutant from the 𝑗-th vehicle.  255 

(3) Stage of straw burning 256 

Straw is a kind of cleaner energy. The emission of CO2 from combustion is equal 257 

to that from straw planting. Therefore, the emission of CO2 from straw combustion was 258 

not calculated herein. The other pollutant emission coefficients are shown in Table 4. 259 

Table 4. Emission coefficients of pollutants from straw burning 260 

 CO2 CO NOX HC SO2 PM10 CH4 N2O Reference 
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Value 

(g/kg) 

/ 0.198 0.217 / 0.034 0.197 0.033 0.960 (Hong et al., 2016; Hu et al., 

2014; Wang et al., 2017) 

The amount of pollutant emission from the power generation stage can be 261 

calculated by using Eq. (7). 262 

𝑄𝑖
𝑏 = 𝑄straw × 𝜗𝑖                                             (7) 263 

where, 𝑄𝑖
𝑏 represents emissions of pollutants in the straw burning stage, 𝑄straw is the 264 

amount of straw burning, and 𝜗𝑖 is the emission coefficient of pollutants from straw 265 

burning. 266 

2.2.3 Calculation of environmental indicator 267 

The discharge of pollutants can create different environmental problems, e.g. CO2, 268 

CH4, NOX and N2O emissions caused global warming (GW). Present work is focused 269 

on well-known existing environmental pollution categories, such as global warming 270 

(GW), acidification (AC), photochemical oxidation (POC), human toxicity (HT), and 271 

aerosol (AE) (Valente et al., 2017; Ren et al., 2018).  272 

The environmental indicator is the ratio of the environmental impact value of 273 

using fossil fuels to the use of biomass fuels (Xia et al., 2012). It can be calculated in 274 

five steps as follows. 275 

Step 1: Characterization calculation (Ou et al., 2011) 276 

𝐸𝑃(𝑗) = ∑ 𝑄(𝑗)𝑖 ×𝑛
𝑖=1 𝐸𝐹(𝑗)𝑖                                   (8) 277 

where, 𝐸𝑃(𝑗) represents the characteristic results of the 𝑗-th environmental impact 278 

category, 𝑄(𝑗)𝑖  is the emission amount of the 𝑖 -th pollutant, and 𝐸𝐹(𝑗)𝑖  is the 279 

equivalent coefficient of the 𝑖-th pollutant. 280 

Step 2: Data standardization (Wang et al., 2017). 281 

𝑁𝑗 = 𝐸𝑃(𝑗) 𝑆(𝑗)⁄                                              (9) 282 

where, 𝑁𝑗  is the standardized results of the 𝑗 -th environmental impact category, 283 
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𝐸𝑃(𝑗) is the characteristic results, and 𝑆(𝑗) is the standardized reference value. 284 

Step 3: Determination of weight. 285 

During the process of environmental impact assessment, weight represents the 286 

degree of different impact types on the total target. We chose the Best-worst method 287 

to calculate the weight, as described in section 2.1. 288 

Step 4: Calculate the environmental impact potential (Xia et al., 2012). 289 

𝐸𝐼𝑃 = 𝜔𝑗 × 𝑁𝑗                                               (10) 290 

where,𝐸𝐼𝑃 represents the environmental impact potential, 𝜔𝑗 is the weight of the 𝑗-291 

th impact category, and 𝑁𝑗  is the standardized results of the 𝑗 -th environmental 292 

impact category. 293 

Step 5: Calculate the environmental indicator (Xia et al., 2012). 294 

By calculating the environmental potential of different fuels, the environmental 295 

indicator can be calculated using Eq. (11).  296 

𝐸1 = 𝐸𝐼𝑃coal 𝐸𝐼𝑃straw⁄                                         (11) 297 

where, 𝐸1 is the results of the environmental indicator, 𝐸𝐼𝑃coal is the environmental 298 

impact potential of coal-fired power generation, and 𝐸𝐼𝑃straw is the environmental 299 

impact potential of straw-fired power generation. 300 

2.3 Life cycle economic assessment 301 

2.3.1 Collection cost 302 

There are two main pathways to collect straw in China: manual collection and 303 

mechanical collection, thus, cost can also be calculated through two different methods. 304 

1. Manual collection cost 305 

It was found that the density of manually collected straw was 40 kg/m3. The cost 306 

of manual collection can be calculated using Eq. (12). 307 
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𝐶collp = (𝑃1 𝑞pe⁄ + 𝑝0） × 𝑄straw                              （12） 308 

where,𝐶collp represents the cost of manual collection, 𝑃1 is the daily wage of workers, 309 

𝑞pe is the amount of straw that each worker can collect per day, 𝑝0 is the purchase 310 

price of straw, and 𝑄straw is the amount of straw collected. 311 

2. Mechanical collection cost 312 

This paper investigates the 9YFK-3043A square baling machine produced by 313 

Huaxi-Yutian enterprise, which can shape the straw into square baling with length of 314 

1.2 m, width of 0.3 m, height of 0.43 m and weight of 20 kg. It can collect 32 tons of 315 

straw per day with a fuel consumption of 7.5 L/ha. The cost of mechanical collection 316 

can be calculated using Eq. (13). 317 

𝐶collm = ((𝑃2 + 𝐶de1 + 𝐶𝑚1 + 𝐶𝑓1) 𝑞𝑏1⁄ + 𝑝0) × 𝑄straw             （13） 318 

where, 𝐶collm represents the cost of mechanical collection, 𝑃2 is the daily salary of 319 

the mechanical driver, 𝐶de1 is the depreciation cost of the baling machine, 𝐶𝑚1 is the 320 

maintenance cost, 𝐶𝑓1 is the fuel cost, 𝑞𝑏1 is the baling quantity, 𝑝0 is the purchase 321 

price of straw, and 𝑄straw is the amount of straw collected. 322 

2.3.2 Primary transport cost 323 

The straw must be transported to the storage place after balling in the field. Small 324 

tractors are the main means of transportation from the field to the transfer station. 325 

Transportation cost can be calculated using Eq. (14). 326 

𝐶tr = 𝐶𝑝 + 𝐶𝑓2 + 𝐶de2 + 𝐶𝑚2 + 𝐶𝑢                              (14) 327 

𝐶𝑓2 = 𝑞𝑠 × 𝑄straw × 𝐿1 𝜌 × 𝑃3⁄                                  (15) 328 

where, 𝐶tr is the transportation cost from field to transfer station, 𝐶𝑝 is the labor cost, 329 

𝐶𝑓2 is the fuel cost, 𝐿1 is the distance between field and transfer station, 𝑞𝑠 is the 330 

unit fuel consumption of straw transported by the tractor, 𝜌 is the density of diesel, 𝑃3 331 
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is the price of diesel, 𝐶de2 is the depreciation cost of the transport tool, 𝐶𝑚2 is the 332 

maintenance cost and 𝐶𝑢 is the handling cost. 333 

2.3.3 Storage cost 334 

Straw cannot be converted in a short time after collection. To ensure the quality of 335 

straw, it is necessary to establish a storage center for short-term storage. Storage cost 336 

can be calculated using Eq. (16). 337 

𝐶st = A × 𝑃4 + 𝑃5 × 𝑄straw + 𝐶s                                (16) 338 

A = 𝑄straw ℎ0∅0⁄ 𝜌1 × 10−4                                    (17) 339 

where, 𝐶st is the storage cost, A is the effective storage area, 𝑃4 is the rental price 340 

of land, 𝑃5 is the management cost of unit straw, ℎ0 is the straw storage height, ∅0 341 

is the straw occupancy coefficient, 𝜌1 is the straw density and 𝐶s is the stacking cost 342 

of straw. 343 

2.3.4 Processing cost 344 

The processing of straw briquetting mainly includes crushing, drying, 345 

transportation, compression, and cooling and quality inspection. The processing cost 346 

can be calculated using Eq. (18). 347 

𝐶pr = (𝐶pe2 + 𝐶𝑔 + 𝐶ele + 𝐶de3 + 𝐶𝑚3) × 𝑄straw                   (18) 348 

𝐶ele = 𝑃6 × 𝐸                                                (19)
 

349 

where, 𝐶pr is the processing cost of straw, 𝐶pe2 is the labor cost of the unit production, 350 

𝐶𝑔  is the operational cost of the feeding machine, 𝐶de3  is the depreciation cost of 351 

production, 𝐶𝑚3 is the maintenance cost of production, 𝐶ele is the electricity cost, 𝐸 352 

is the power consumption of the unit production and 𝑃6  is the electricity price for 353 

agricultural production. 354 
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2.3.5 Secondary transport cost 355 

In this stage, straw is transferred from the storage area to the power plant. The 356 

method of transport used in this stage is the large logistic truck. The calculation method 357 

of transport costs refers to the primary transport in section 2.3.2. 358 

2.3.6 Burning cost 359 

Being end-user of straw, power plants must pay a certain cost for its operational 360 

process. The cost of the biomass power plant mainly consists of operation, power 361 

generation and pollutant treatment costs. The operation cost mainly includes human 362 

resource, management and financial costs. Power generation costs include straw 363 

processing, equipment depreciation and maintenance costs. The operating cost of the 364 

power plant can be calculated using Eq. (20). 365 

𝐶op = 𝐶1 + 𝐶2 + 𝐶3 + 𝐶4 + 𝐶5                                (20) 366 

where 𝐶op  represents the total cost of straw power generation, 𝐶1  is the operation 367 

cost, 𝐶2  is the depreciation cost, 𝐶3  is the maintenance cost, 𝐶4  is the straw 368 

pretreatment cost and 𝐶5 represents the pollutant treatment cost. 369 

2.3.7 Calculation of economic indicator 370 

The economic indicator refers to the ratio of the benefit of straw power generation 371 

to the cost. Benefit mainly derive from the sale of electricity. The price of electricity 372 

purchased by the Chinese government is 0.75 Yuan/KWh. The cost of power 373 

generation mainly includes the raw material, collection, transport, processing and 374 

burning costs. The economic indicator can be calculated using Eq. (21). 375 

𝐸2 = 𝑊1 𝐶straw⁄                                            (21) 376 

𝑊1 = 𝑞 × 𝑝                                               (22) 377 

𝐶straw = 𝐶coll + 𝐶tr + 𝐶st + 𝐶pr + 𝐶op                          (23) 378 

where, 𝐸2 is the economic indicator of the straw power generation, 𝑊1 is the benefit 379 



19 

of straw power generation, 𝐶𝑠𝑡𝑟𝑎𝑤  is the total cost of power generation, 𝑞  is the 380 

quantity of power generation, and 𝑝 is the government electricity purchase price. 381 

2.4 Sustainability assessment modeling 382 

By analyzing the environmental and economic data, relevant environmental and 383 

economic indicators can be determined. In order to understand intuitive sustainability 384 

of SPG, the environmental indicator as the X-axis and the economic indicator as the Y-385 

axis were used to construct the sustainability discriminant graph, as shown in Fig. 3. 386 

 387 

Fig. 3. Sustainability discriminant graph of straw substitute to coal for power generation 388 

There are four regions in the sustainability discriminant graph. Region Ⅰ represents 389 

the sustainability from booth environmental and economic aspects. Region Ⅱ represents 390 

only economic sustainability whereas region Ⅲ represents unsustainability in both 391 

environmental and economic aspects, and region Ⅳ shows sustainability only in 392 

environmental aspect. 393 
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3 Case study 394 

3.1 System parameters 395 

In order to validate the developed model, the Henan Y SPG (power generation 396 

scale: 30 MW) was studied. The collection radius of straw was 40 km. The 397 

sustainability assessment of straw power generation was studied based on system with 398 

production of 10,000 kWh of electricity. The power generation efficiency of Y straw 399 

power plant was 1.4 kg/kWh. Because of external environmental and physical changes, 400 

the loss rate of straw during storage and processing was assumed to be 5% and 16.67%, 401 

respectively. For the production of 10,000 kWh of electricity, approximately 18 tons of 402 

straw should be collected. The parameters of agricultural machinery are described in 403 

Table 5, whereas parameters of the straw power generation at different stages are 404 

summarized in Table 6. 405 

Table 5. Parameters of agricultural machinery 406 

Parameter Baler Tractor Truck Unit Data source 

price 98000 50000 150000 Yuan Field research 

Fuel consumption in bulk transport / 0.136 / L/(tkm) Field research 

Fuel consumption in baling transport / 0.101 0.078 L/(tkm) Field research 

Straw transportation fuel consumption / / 0.053 L/(tkm) Field research 

Depreciation cost 0.839 0.428 1.284 Yuan/t Field research 

The maintenance cost 2.552 0.237 0.710 Yuan/t Field research 

 407 

Table 6. Parameters of the straw power generation system 408 

Stage parameters Value unit Data source 

Collection  

Stage 

𝑝0 25 Yuan/t Field research 

𝑃1 100 Yuan Field research 

𝑞𝑝𝑒 1 t/day Field research 

𝑞𝑏1 32 t Field research 

𝐶𝑓1 240 Yuan Field research 

𝑃2 400 Yuan /day Field research 
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Transport 

stage 

𝐶𝑝 200 Yuan /day Field research 

𝜌 0.84 kg/L Field research 

𝑃3 6.93 Yuan/L Henan oil price 

𝐿1 10 km Field research 

𝐿2 30 km Field research 

 𝐶𝑢 10 Yuan/t Field research 

Storage 

stage 

𝑃4 800 Yuan/mu Field research 

𝑃4 1300 Yuan/mu Field research 

ℎ0 5 Meter Field research 

∅0 0.8  Sun et al. (2017)  

𝑃5 120 Yuan /day Field research 

𝐶s 10 Yuan/t Field research 

Processing 

stage 

𝐶𝑝𝑒2 36.63 Yuan/t Field research 

𝐶𝑔 1.42 Yuan/t Field research 

𝐶𝑑𝑒3 4.5 Yuan/t Field research 

𝐶𝑚3 5 Yuan/t Field research 

𝐸 68 kWh/T Hu et al. (2014)  

𝑃6 0.6 Yuan/kWh Hu et al. (2014) 

Burning 

stage 

𝐶1 0.08331 Yuan/kWh Field research 

𝐶2 0.10347 Yuan/kWh Field research 

𝐶3 0.04994 Yuan/kWh Field research 

𝐶4 0.07 Yuan/kWh Field research 

𝐶5 0.044 Yuan/kWh Field research 

3.2 Pollutant emissions from the straw life cycle 409 

The straw supply chain uses different transport vehicles at different stages. Eq. 410 

(5)-(7) can be used to calculate pollutant emissions at different stages. The results are 411 

summarized in Table 7. 412 

Table 7. Emission amounts of pollutants (g/10,000kWh) 413 

 Stage CO2 CO NOX HC SO2 PM10 CH4 N2O 

S
cen

ario
 1

 

Planting 1527480 833.58 1824.30 / 1573.74 165.96 3350.16 25.92 

Collection 58874.33 337.39 787.23 103.46 13.23 116.98 3.35 1.53 

Transport 193759.20 1240.17 3228.77 322.88 41.89 108.06 10.98 5.38 

Burning / 2772 3038 / 476 2758 462 / 

S
cen

ario
 2

 

Planting 1527480 833.58 1824.30 / 1573.74 165.96 3350.16 25.92 

Collection 58874.33 337.39 787.23 103.46 13.23 116.98 3.35 1.53 

P Transport 48439.81 310.04 807.19 80.72 10.47 27.02 2.75 1.35 

S Transport 104702.10 600.01 1400.01 183.98 23.53 7.96 5.96 2.72 

Burning / 2772 3038 / 476 2758 462 / 
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S
cen

ario
 3

 

Planting 1527480 833.58 1824.30 / 1573.74 165.96 3350.16 25.92 

Collection 58874.33 337.39 787.23 103.46 13.23 116.98 3.35 1.53 

P Transport 48439.81 310.04 807.19 80.72 10.47 27.02 2.75 1.35 

S Transport 71143.74 407.70 951.29 125.02 15.99 5.41 4.05 1.85 

Burning / 2772 3038 / 476 2758 462 / 

S
cen

ario
 4

 

Planting 1527480 833.58 1824.30 / 1573.74 165.96 3350.16 25.92 

P Transport 65225.88 417.48 1086.91 108.69 14.10 36.38 3.70 1.81 

S Transport 71143.74 407.70 951.29 125.02 15.99 5.41 4.05 1.85 

Burning / 2772 3038 / 476 2758 462 / 

The results of pollutant emission of the SPG in different scenarios are summarized 414 

in Table 8. 415 

Table 8. The total amount of pollutants discharged under different scenarios 416 

(g/10,000 kWh) 417 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

CO2 1780113.53 1739496.24 1705937.88 1647063.55 

CO 5183.13 4853.02 4660.71 4323.32 

NOX 8878.30 7856.73 7408.01 6620.78 

HC 426.33 368.15 309.19 205.74 

SO2 2104.86 2096.97 2089.43 2076.20 

PM10 3148.98 3075.90 3073.35 2956.39 

CH4 3826.49 3824.22 3822.31 3818.96 

N2O 32.83 31.52 30.65 29.12 

3.3 Pollutant emissions from coal power generation 418 

The coal power generation system mainly includes three stages of mining, 419 

transportation and burning. Pollutants emission from coal burning mainly include SO2, 420 

NOX, CO2, CO, HC, N2O, CH4 and PM10. The emission coefficients are described in 421 

Table 9. 422 

Table 9. Emission coefficients of pollutants from coal burning 423 

 CO2 CO NOX HC SO2 PM10 CH4 N2O Ref 

Mining stage (kg/t) 500 0.330 0.370 0.160 0.021 5 / / 
SEPA 

(2003)  

Transport stage (g/L) 2616.637 14.995 34.988 4.598 0.588 0.199 0.149 0.0680 
Wang 

(2017)  

Burning stage (g/MJ) 105.087 0.012 0.270 / 3.249 0.012 / 0.0003 
SEPA 

(2003) 
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Pollutant emission amounts from different stages of the coal power generation 424 

system can be calculated by using Eq. (24). 425 

Q𝑗𝑖
2 = 𝑄coal × 𝜑𝑗𝑖

2                                               (24) 426 

where, Q𝑗𝑖
2  is the pollutant emission amount, Qcoal is the quantity of coal burned and 427 

𝜑𝑗𝑖
2  is the emission coefficient of pollutants. 428 

The pollutant emission amounts in the coal power generation system are 429 

summarized in Table 10. 430 

Table 10. Pollutant emissions of coal power generation system (unit: g) 431 

 CO2 CO NOX HC SO2 PM10 CH4 N2O 

Mining 861500 568.590 637.510 275.680 36.183 8615 0 0 

Transport 318549.4 1825.491 4259.439 559.761 71.583 24.226 18.139 8.278 

Burning 3786067 1428.851 32443.32 0 390112.3 1440.858 0 36.021 

Total 4966116.4 3822.932 37340.27 835.441 390220 10080.08 18.139 44.299 

3.4 Calculation of sustainability assessment indicators 432 

Through the calculation of pollutant emissions during different stages of the SPG 433 

system, the obtained data can be further processed to calculate environmental impact 434 

indicators. The impact categories and equivalent factors of pollutants are described in 435 

Table 11. 436 

Table 11. Environmental impact categories and equivalent factors of pollutants 437 

Impact category 
Standardized 

benchmarks 
Unit Weight Pollutants 

Equivalent 

factor 

Global 

Warming (GW) 
8700 kg CO2-eq ω1

∗  

CO2 1 

CH4 21 

NOX 310 

N2O 310 

Photochemical 

oxidation (POC) 
34.72 kg C2H4-eq ω2

∗  
HC 0.416 

CH4 0.007 

Human toxicity 

(HT) 
197.21 kg 1,4-DCB ω3

∗  
CO 0.012 

NOX 0.780 

Aerosol (AE) 18 Kg ω4
∗  PM10 1 

Acidification (AC) 36 kg SO2-eq ω5
∗  

SO2 1 

NOX 0.700 

The Best-worst method is employed to calculate the weight of environmental 438 
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pollutant impact categories. Through the guidance of relevant experts, we chose 439 

𝑎𝐵𝑊 = 5  and set B0 = (1,2,1,5,3)  and OW = (5,3,5,1,2)𝑇 . According to Eq. (3), 440 

the optimal weight can be calculated as 𝜔1
∗ = 0.34, 𝜔2

∗ = 0.189, 𝜔3
∗ = 0.283,  𝜔4

∗ =441 

0.067, 𝜔5
∗ = 0.121 and ξ∗ = 0.2. Using the consistency check by Eq. (4), we obtain 442 

CR = 0.087, which is in agreement with the consistency check and the results are 443 

authenticated. 444 

The environmental and economic indicators of different scenarios can be 445 

calculated using Eq. (11) and Eq. (21). The results are described in Table 12. 446 

Table 12. Assessment indicators for different scenarios of the straw power generation  447 

Scenarios Environmental indicators Economic indicators 

Scenario 1 9.1101 1.1068 

Scenario 2 9.8802 1.1866 

Scenario 3 10.2911 1.1632 

Scenario 4 10.8306 0.8752 

3.5 Assessment results of sustainability  448 

According to the established sustainability discriminant graph, it’s easy to get the 449 

sustainability assessment results of different straw power generation scenarios, as 450 

shown in Fig. 4. 451 

 452 

Fig. 4. Sustainability assessment results of different power generation scenarios 453 
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It is very clear that the straw power generation has shown better sustainability in 454 

scenario 1, scenario 2 and scenario 3, both in economic and environmental aspects. 455 

Which Scenario 3 has a better environmental sustainability evaluation indicator and 456 

scenario 2 has the best economic indicator. Among these four scenarios, scenario 4 had 457 

the best environmental sustainability evaluation indicator, however the economic 458 

indicator is less than 1, demonstrating that it can’t create profits for enterprises, thus 459 

this straw power generation scheme was not considered by enterprise decision makers. 460 

4 Analysis and discussion 461 

4.1 Analysis of research results 462 

Many previous studies used LCA method to assess the environmental impact of 463 

biomass utilization. Ji et al. (2018) showed that greenhouse gas (GHG) abatement 464 

potential being -0.9 t CO2-eq t-1 straw. In our research the GHG abatement potential was 465 

-0.8903 t CO2-eq t-1 straw. Wang (2017) studied different biomass supply models, and 466 

pointed that CO2 emissions from straw bulk transport of 4186.619 10-3g/kg and in 467 

baling transport of 5635.834 10-3g/kg. In this study the CO2 emissions of straw bulk 468 

transport and baling transport were 3952.43 10-3g/kg and 5816.7834 10-3g/kg, 469 

respectively. It is necessary to understand the emission status of pollutants during 470 

different stages of the straw life cycle. The pollutant discharged during different stages 471 

can be analyzed, and the proportion of pollutant emissions are shown in Fig. 5 (average 472 

value of pollutant emission in four scenarios was used).  473 

  474 
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 475 

Fig. 5. Emission proportion of different pollutants in different stages 476 

From Fig. 5, it can be observed that CO2, SO2, CH4 and N2O are mainly derived 477 

during the planting and transport stage, accounting for 89%, 75%, 88% and 84%, 478 

respectively. The pollutant HC originates during transport stage. The pollutants NOX, 479 

CO and PM10 produced mainly during burning stage which accounted 39%, 58% and 480 

90%, respectively. 481 

It has been observed that change in straw transportation mode showed 482 

considerable influence on pollutant emission. Liu et al. (2017) studied on different 483 

logistics models for SPG and found that the transport model can significantly affect 484 

emission reduction goals. Proskurina et al. (2017) pointed out that biomass pretreatment 485 

can increase density and exhibits good flow ability in logistics processes. This is 486 

conducive to improve transport efficiency and reduce pollutant emissions during 487 

transport. Nunes et al. (2014) showed that straw granulation had a significant impact on 488 

transport. Accordingly, straw processing technology provides great contribution to 489 

reduce pollutant emissions. In this study, the pollutant emissions from the transport 490 
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stage in different scenarios are shown in Fig. 6. 491 

 492 

Fig. 6. Pollutant emissions from the transport stage in different scenarios, (unit: g) 493 

From Fig. 6, it is clear that emission of pollutants changed significantly with the 494 

change in the transport mode of straw. By comparing the four scenarios, we observed 495 

that by reducing the use of machinery without considering economic benefit can 496 

effectively reduce pollutant emissions. However, this does not meet the goals of the 497 

enterprise. By considering the production efficiency, the pollutant emissions of scenario 498 

3 were the lowest due to the use of straw briquetting technology which confirms that 499 

straw briquetting technology has a remarkable impact on pollutant emissions. 500 

A comparison of CO2 emissions from straw direct combustion power generation 501 

and coal power generation is shown in Fig. 7. The CO2 emissions from straw power 502 

generation were far below those from coal power generation which suggests that straw 503 

power generation had great potential to reduce pollutant emission.  504 
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 505 

Fig. 7. CO2 emissions in different scenarios, (unit: g) 506 

 507 

4.2 Sensitivity analysis of influencing factors 508 

The straw power generation had good development potential based on 509 

sustainability assessment. However, the SPG is a complex system where environmental 510 

and economic indicators can be influenced through many factors (e.g. straw purchase 511 

price, amount of straw collection, the power plants scale, types of transport vehicles, 512 

straw compression rate, operational status and treatment technology of pollutants). In 513 

order to understand the influence of these factors on sustainability of straw power 514 

generation, sensitivity analysis needs to be carried out. 515 

4.2.1 Impact of the scale of power plants 516 

Power plants need to expand their scale to produce more electricity in order to 517 

fulfill the consumption demands. Expansion of the power plant scale leads to the 518 

increases in straw collection radius. Assume the straw collection radius increased by 10 519 

km, 20 km and 30 km. The variation trend of the sustainability assessment results shown 520 

in Fig. 8. 521 
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 522 

Fig. 8. Impact of the scale of straw power plants on sustainability assessment 523 

Fig. 8 showed that economic and environmental indicators decrease with increase 524 

in scale of straw power plants. When the collection radius increased by 20 km, the 525 

economic indicators of scenario 1 was 0.998, indicating that enterprises gains no profit. 526 

Comparison of scenario 2 and scenario 3 showed a difference between economic 527 

indicators of 0.01, while the difference of environmental indicators was 0.503. Power 528 

plants should select the scheme of scenario 3 to generate electricity. When the straw 529 

collection radius increased by 30 km, the economic indicators of scenario 3 exceed 530 

scenario 2, which suggested that scenario 3 was the best choice for power plants.  531 

4.2.2 Impact of the transport vehicles 532 

During the field research process, we figured out that straw is transported mainly 533 

by tractors. There are many shortcomings associated with the use of tractors as it 534 

consumes more fuel and have a small tonnage. Sun et al. (2017) conducted an economic 535 

analysis of straw collection and pointed out that fuel prices affect transportation costs. 536 

Tauro et al., (2018) analyzed the impact of trucks with different tonnage on logistics 537 



30 

costs. Tsalidis et al. (2014) pointed out that the transportation stage of biomass had the 538 

highest contribution for pollutant discharge. El Hanandeh. (2015) showed that longer 539 

transportation distances added environmental burdens. To analyze the impact of 540 

transportation activities on sustainability, this study assume that straw power plants 541 

should adopt a new transport vehicle, which has a large load capacity with lower fuel 542 

consumption with reduction by 5%, 10% and 15%. The effects of above assumptions 543 

on the sustainability assessment are shown in Fig. 9. 544 

 545 

Fig. 9. Impact of transport vehicle changes on sustainability assessment 546 

Fig. 9 shows that the sustainability of the straw power generation can be enhanced 547 

by selecting efficient transport vehicles. Selections of low fuel consumption vehicles 548 

have shown considerable impact in scenario 1. When fuel consumption is decreased by 549 

5%, the economic indicators is increased by 9.15%. Comparison of scenario 2 and 550 

scenario 3 revealed that scenario 2 was more sensitive to changing of transport vehicle 551 

and had better economic indicators. Simultaneously, the use of efficient transport 552 

vehicle can improve the economic indicators of scenario 4. According to the above 553 
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analysis, we suggest straw power plants to optimize transport vehicles to improve the 554 

sustainability. 555 

4.2.3 Impact of the pollutant treatment technology  556 

China is actively developing renewable energy to reduce its dependence on fossil 557 

fuels and to minimize the pollutant emissions. Straw power generation can not only 558 

deal with a large number of straw, but also can alleviate greenhouse gas emissions (Ji 559 

et al., 2018). Giuntoli et al. (2013) showed that straw-fired power plants can realize 560 

high greenhouse gas savings. Karkania et al. (2012) studied agricultural waste 561 

utilization and pointed out that the concentration of pollutant was low after combustion 562 

treatment. Pollutant emissions from straw power generation are strictly monitored by 563 

environmental protection departments. Power plants need to adopt new technology to 564 

reduce pollutant emissions. In this manuscript we have assumed that operational cost 565 

of the power plants can be to increase 10% if they implement the pollutants reduction 566 

technology to bring pollution down by 10%. The variation trend of sustainability 567 

assessment results as shown in Fig. 10. 568 
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 569 

Fig. 10. Impact of pollutant treatment technology on sustainability assessment 570 

Fig. 10 demonstrates that pollutant treatment technology has a great impact on the 571 

sustainability. Scenario 1 and Scenario 2 are more sensitive to the treatment technology, 572 

the economic indicators rapidly declined with the increase in environmental indicators. 573 

Comparison of scenario 2 and scenario 3 showed that when the pollutant reduction is 574 

greater than 10%, the economic and environmental indicators in scenario 3 exceed as 575 

compare to in scenario 2, demonstrating that scenario 3 can promote the sustainability 576 

of the straw power generation system.  577 

4.2.4 Impact of the straw purchase price  578 

The purchase price of straw not only affects the income of enterprises but also the 579 

supply of straw. In order to determine the impact of straw price on straw power 580 

generation sustainability assessment results, present study also conducted a price 581 

sensitivity analysis, can be seen in Fig. 11. As it is clearly shown from Fig. 11 that the 582 

economic indicators of straw power generation can be improved when the straw 583 
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purchase price is low. The increase in straw purchase price will decrease the economic 584 

indicators as operational cost of the enterprise increases. 585 

 586 

Fig. 11.  Impact of straw purchase price on economic indicators 587 

4.3 Emission reduction potential of straw power generation 588 

The emissions from coal-based power generation are major contributors to 589 

environmental pollution. Straw can replace coal for power generation and effectively 590 

alleviate environmental pollution. Our findings indicated that scenario 3 had the best 591 

sustainability, thus the emission data of scenario 3 was selected to study the emission 592 

reduction potential of straw power generation. Take CO2, NOX, SO2 and PM10 as an 593 

example, it can be seen from Fig. 12 that straw power generation has great potential for 594 

emission reduction. The emission reduction effect of CO2 and SO2 are more obvious 595 

with the increase of the substituted coal. 596 
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 597 

Fig. 12. Emission reduction potential of straw replacing coal-fired power generation 598 

4.4 Discussion 599 

4.4.1 How to select a straw power generation scheme  600 

Our findings showed that straw power generation had great potential to alleviate 601 

environmental pollution, whereas sustainability of straw power generation strongly 602 

depends on economic indicators. By analysis of four straw power generation scenarios, 603 

it can be inferred that the sustainability was different for different straw power 604 

generation scheme which supports to decision-makers for selecting an appropriate 605 

power generation scheme. The straw power generation scenario 3 presents best 606 

sustainability when environment-friendly society with more economic benefits was 607 

required. When the goal of enterprise was to achieve maximum benefits while reducing 608 

the impact on the environment, the straw power generation scheme of scenario 2 had 609 

the best sustainability. Whereas straw power generation scheme of scenario 4 can be 610 

good choice when the goal of the enterprise was to get maximize environmental benefits 611 
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during a special period. Straw power plants can determine their own development goals 612 

and select the appropriate power generation scheme based on these assessment results. 613 

4.4.2 How to improve the sustainability of straw power generation 614 

We have analyzed the four main factors that affect the sustainability of the straw 615 

power generation. We found that the scale of power plants, pollutant treatment 616 

technology and straw purchase price were negatively related to the sustainability, this 617 

was consistent with the research of (Wang et al., 2018). The selection of energy-saving 618 

transport vehicles can improve the sustainability. In comparison to current situation of 619 

straw power generation in China, it is not difficult to discern that the sustainability of 620 

straw power generation had not achieved a high level. Mainly due to a lack of 621 

systematic planning and management, and the higher operating costs (Wang et al., 622 

2017). Through this study, we found that improving the environmental and economic 623 

performance of straw power generation can raise its sustainability. After analyzing the 624 

sensitivity of influencing factors, there are some methods to improve the sustainability 625 

of straw power generation: establishing an efficient straw supply chain; using transport 626 

vehicles with low-energy consumption; developing new technology for pollutant 627 

treatment; reducing straw purchase price. 628 

4.4.3 What should government do 629 

By reviewing the research results, we have known that straw power generation 630 

industry has lack of economic vitality. The main reasons include higher operating costs, 631 

the lower benefit and complex technology of power generation. Through the analysis 632 

of emission reduction potential (see Fig. 12), straw power generation had great potential 633 
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to reduce the emission of pollutants which can help the government to achieve the goal 634 

of emission reduction. It’s worth popularizing straw power generation technology. 635 

While keeping in mind about environmental benefits, Chinese government should 636 

promote straw power generation projects along with financial support. Tax, fiscal 637 

subsidies and electricity price have an important impact on the economic performance 638 

of power plants. And the sustainability of straw power generation can be promoted 639 

through policy guidance. Our findings suggest that government can guide farmers to 640 

plant on a large scale to reduce the cost of straw collection; make policies for 641 

automobile industry to develop low-carbon and efficient vehicles for transport; lead 642 

straw power plants to develop innovative straw-processing and pollutant treatment 643 

technologies. 644 

5 Conclusion 645 

In this study, from the environmental and economic perspectives of straw 646 

substitute to coal, a sustainability assessment model was built by integrating life cycle 647 

assessment, life cycle cost and best-worst method. The environmental and economic 648 

indicators were calculated and the sustainability of four different SPG scenarios were 649 

assessed. Findings showed that straw direct combustion power generation had great 650 

sustainability potential in China. In terms of environment, the results showed that straw 651 

power generation had great potential to reduce emissions and alleviate environmental 652 

pollution in comparison to coal-based power generation. However, from economic 653 

aspect, the sustainability had not up to the advanced level in the current situation. It had 654 

weak economic sustainability potential, there can be losses (e.g. scenario 4) when 655 
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scheme of straw power generation was not appropriate. Finally, sensitivity analysis of 656 

different factors affecting the sustainability of SPG was carried out. The sensitivity 657 

analysis results showed that straw supply chain model, pollutant treatment technology, 658 

transport vehicles and straw purchase cost were the main factors which lead to 659 

unfavorable economic performance. The research findings can provide support to the 660 

government in popularizing straw power generation technology, and also can help to 661 

develop direct combustion SPG system with more environmental friendly and 662 

economic sustainability. 663 

Based on the research results, here are some suggestions which may help 664 

enterprises to improve the sustainability of straw direct combustion power generation 665 

system: (1) Power plants should design the appropriate straw power generation scheme. 666 

The scale of straw power plants affects the choice of power generation scheme, and 667 

different power generation schemes should be selected for different power plant scales. 668 

(2) Power plants should choose energy-saving vehicles. The transportation cost of straw 669 

is about 60% of the total cost, and a lot of pollutants are emitted during the 670 

transportation stage. The use of energy-saving transportation is conducive to improving 671 

the sustainability of straw power generation projects. (3) Enterprises should innovate in 672 

pollutant treatment technology. In the straw burning power generation stage, the 673 

treatment technology of pollutants directly affects the discharge and operating costs of 674 

pollutants. The efficient treatment technology can save costs and reduce the discharge 675 

of pollutants. (4) The government can provide subsidies to balance power generation 676 

enterprises and farmers. Through the results of this study, it can be found that the 677 
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economic performance affects the sustainability of straw power generation. 678 

Government subsidies can reduce the production cost of enterprises and encourage 679 

farmers to supply more straw resources. This can improve the economic indicators and 680 

promote the sustainability of straw power generation. 681 
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