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A B S T R A C T   

Small hydropower has attracted extensive interest as a clean technology. This study first identified possible sites 
of small hydropower plants with estimated capacity, and then utilized resources time footprint as a novel way to 
evaluate the impact of small hydropower plants on the aspects of materials, CO2, labor, and land. Resources time 
footprint is a sustainability indicator that uses a uniform time unit (years). It assesses whether the usage of re
sources exceeds the amount allocated to different people and generations. The smaller the value of resources time 
footprint, the more environmentally friendly is the process. Preferential locations for small hydropower in Dan 
River were specified, with a potential capacity ranging from 273 to 1175 kW. Resources time footprint of copper 
is 8.9–47.3 times as large as that of steel. Resources time footprint of CO2 emissions is much smaller than that of 
other aspects, revealing that small hydropower has a great potential to mitigate the greenhouse effect. The 
overall resources time footprint decreases with an increase in the installed capacity. The methodology proposed 
in this study can be used to identify the ideal locations for setting up small hydropower plants in other regions as 
well.   

1. Introduction 

1.1. International background 

In the past several decades, considerable attention has been paid to 
meeting the growing human energy needs using strategies that preserve 
the sustainability of the natural environment. Excessive use of fossil 
fuels has resulted in significant environmental problems, such as 
greenhouse effects, acid rain, and ozone depletion, which are constraints 
on the global economy [1]. Many countries are exploring different types 
of renewable energy sources, in response to the report of the Intergov
ernmental Panel on Climate Change considering climate change miti
gation [2]. Among these renewable energy sources, hydropower is 
frequently mentioned. Hydropower is the major source of renewable 
energy in the world generating 16% of the global energy supply and 

more than half of all renewable electricity [3]. Gernaat et al. [4] esti
mated the remaining global potential of hydropower as 9.49 PW h per 
year, of which 39% is located in the Asia Pacific region. Thousands of 
hydropower installations with large dams have been built to fulfill the 
demand for low-carbon energy sources, especially in developing coun
tries [5]. In recent years, people are skeptical to build new large dams 
due to the high socioeconomic costs, greenhouse gas emissions, and 
detrimental impact on ecosystem services [6]. 

Small hydropower (SHP) has recently attracted extensive interest as 
a clean, mature, and cost-effective conversion technology of hydro
power with little or no storage facility, which can be flexibly operated 
and easily maintained [7]. Owing to these advantages, it has become a 
preferred energy source for generating electricity in rural and moun
tainous areas [8,9]. SHPs are considered a crucial component of pro
spective energy strategies worldwide [10]. The definition of SHP is 
ambiguous, but since nearly 70% of the countries define SHP plants as 
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installations with a maximum capacity not exceeding 10 MW, this value 
is increasingly regarded as the global standard [5,11]. 

1.2. Proliferation of small hydropower in China 

A reduction in the use of fossil fuels and the simultaneous develop
ment of clean and renewable energy are indispensable for addressing 
both energy security and pollution alleviation in China [12,13]. In 2020, 
coal, oil, and natural gas accounted for 70.5%, hydropower 17.9%, wind 
6.3%, and others 5.3% of the total electricity generation in China [14]. 
To date, 47,000 SHP stations with a total installed capacity ≥ 77.9 GW 
are operational in over 1700 counties in China, making considerable 
contributions to rural electrification [7,15]. 

As a conversion technology for hydropower, SHP has numerous 
merits, some of which are especially relevant for China according to 
Kong et al. [16]. First, it is clean and green as water quality and volume 
are not affected, along with the survival and reproduction of fish in the 
rivers. Second, the technology is very mature, so a new station may be 
built very fast and can still sustain for a long time with low maintenance 
and excellent efficiency. Third, it can rapidly supply electricity in iso
lated areas when the main power grid breaks down after natural di
sasters. In addition, the comparatively low electricity price of SHP can 
ease the financial burden in poorer rural Chinese areas [17,18]. 

1.3. Environmental concerns of small hydropower 

During regular operation, there is no fossil fuel cost for SHP plants. 
However, similar to other types of renewable energy, a large initial in
vestment is required in SHP plants in terms of construction materials, 
electricity generation equipment, and transportation costs that indi
rectly cause environmental pollution [19]. Global attention has started 

to focus on the pollution caused by SHP, and a systematic assessment of 
such pollution is especially required for China considering the rapid 
expansion of SHP. 

Life cycle assessment (LCA) is a methodology for quantifying 
different kinds of environmental impacts, including global warming 
potential and acidification potential for a product system throughout its 
lifespan [20]. Gallagher et al. [21] applied LCA to three run-of-river SHP 
projects in the UK and identified that capacity should be increased to 
offset the environmental burdens of an SHP plant. An LCA was con
ducted in Guizhou Province in China for an SHP plant with an installed 
capacity of 3.2 MW, indicating that cement, steel, and electricity costs 
are the dominating factors that contributed the most to the environ
mental impacts [19]. In another study, Pang et al. [22] evaluated the 
ecological impacts of the same SHP plant in Guizhou Province based on 
emergy analysis, which is an eco-thermodynamic method to assess the 
overall environmental loading and sustainability of systems [23]. Three 
run-of-river hydropower plants in the Peruvian Andes were analyzed 
using LCA, and concrete, transmission lines, and reinforcing steel 
accounted for a large proportion of greenhouse gas emissions [24]. Most 
LCA studies assume that the infrastructure of SHP plants remains on-site 
at the end of life, and the construction stage is regarded as the largest 
contributor to environmental impact [19,21,22,25,26]. 

Existing LCA studies of SHP plants primarily focus on the flows of 
material and energy, but they rarely consider the resource stock. Many 
resources or their supply turnover speed are finite and limited. Many 
LCA studies of SHP plants found that the enormous quantity of steel 
utilized contributed to environmental impacts such as greenhouse gas 
emissions, but they did not consider that steel supply was limited. To 
evaluate the sustainability of the SHP, analyzing whether the usage of 
each resource can exceed its capacity is crucial. 

Nomenclature 

Abbreviations 
BAU Business as Usual 
DEM Digital Elevation Model 
LCA Life Cycle Assessment 
RTF Resources Time Footprint 
PV Photovoltaic 
SHP Small Hydropower 

Symbols 
AP Land area occupied by the SHP plant (km2) 
APH Annual operating hours 
ARCi Area of road construction for the ith SHP plant (km2) 
ATi Area converted by timber use for the ith SHP plant (km2) 
CA Amount of consumption of a resource or emission of 

pollutant 
CDw Global in use stock of copper (kg) 
CEi Cement use for the ith SHP plant (kg) 
CETi CO2 emissions during transportation for the ith SHP plant 
CIce CO2 emission intensity of cement production (kg CO2e/kg) 
CIco CO2 emission intensity of copper production (kg CO2e/kg) 
CIhp CO2 emission intensity of hydropower generation (kg 

CO2e/kWh) 
CIs CO2 emission intensity of steel production (kg CO2e/kg) 
CItp CO2 emission intensity of coal power plants (kg CO2e/ 

kWh) 
COi Copper use for the ith SHP plant (kg) 

CRw Global copper reserves (kg) 
CU Annual net global carbon dioxide uptake (kg) 
EC Annual electricity consumption (kWh) 
He Effective head (m) 
ICi Installed capacity of the ith potential SHP plant (kW) 
LREi Land use by renewable energy production for the ith SHP 

plant (km2) 
OA Amount of resources occupied 
Pd Total population in the provinces of Shaanxi, Henan, and 

Hubei in China 
Pi Population of beneficiary of the ith SHP plant 
Pw World population 
PWPc Percentage of working-age population in China 
Qi Flow rate (m3/s) 
Sc,i Steel use for construction for the ith SHP plant (kg) 
Se,i Steel use for equipment for the ith SHP plant (kg) 
SDw Global in use stock of steel (kg) 
SRw Global steel reserves (iron content in iron ore) (kg) 
T Period of resource occupancy (years) 
TA Total capacity of a resource 
TS Capacity of supply or removal speed of a resource 
VCi Volume of concrete use for the ith SHP plant (m3) 
WHp Working hours for hydropower plant construction 
WHr Working hours for road construction 
WOi Personnel required for the operation of the ith SHP plant 
η Total efficiency  
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1.4. Definition of resources time footprint (RTF) 

Fujii et al. [27] proposed the RTF concept to overcome the issues of 
resource stock and sustainability. RTF is an indicator of 
sustainability-related to materials, land, labor, and pollution that uses a 
uniform temporal unit of years. The numerator of each aspect of RTF is 
resource occupancy arising from products or services, and the denomi
nator is capacity of each resource (Fig. 1). Based on our previous work, 
The RTF takes into account not only consumption but also the resource 
availability on Earth, as well as the allocation of each resource among 
individuals and generations, allowing for a more comprehensive 
assessment of alternatives and their effect on sustainability. This study 
utilizes RTF and includes the burden on the labor force caused by the 
development of renewable energy, which has rarely been included in 
other studies. In addition, RTF is mostly utilized to compare production 
processes in our previous work, as well as different practices of forest 
management [28,29]. Our study is the first to apply it to a site selection 
study as a spatial assessment. After combining RTF analysis with spatial 
data, optimal locations for potential SHP plants in the study area were 
proposed and visualized using GIS analysis. 

1.5. Objectives 

The objectives of this study were to make an initial attempt to 
evaluate spatial variation of environmental impact of potential SHP 
plants through RTF, and to develop a framework for the site selection of 
future SHP plants, which could provide scientific guidance for decision 
makers. 

2. Materials and methods 

2.1. Study area 

The Dan River is situated in the Dan River drainage basin 
(32◦30′–34◦10′ N, 109◦30′–112◦00′ E) in the provinces of Shaanxi, 
Henan, and Hubei in China. The Dan River rises in the Qinling Moun
tains of Shaanxi, then flows southeast before converging on the Han 
River at Danjiangkou Reservoir in Hubei [30] (Fig. 2). 

The drainage area of the Dan River is 16,812 km2, and the total 
length of the main stream is 287 km, of which 243.5 km is in Shaanxi 
and 44 km is in Henan [31]. The majority of the regions in the Dan River 
Basin are hilly and have dense vegetation. The average annual tem
perature is 11–14 ◦C, and the average annual precipitation is 743.5 mm 
[31]. At the end of 2018, there were 691 SHP plants in Shaanxi, and the 
SHP became the most market-oriented part of the province’s water 
conservation industry [32]. 

2.2. Research flow 

Fig. 3 shows the processes of our study. The flow direction and flow 
accumulation were estimated from Digital Elevation Model (DEM) using 
ArcGIS Pro 2.9.2. The monthly water monitoring data for 2019 were 
downloaded from the Ministry of Water Resources of the People’s Re
public of China (http://mwr.gov.cn/). We estimated river discharge at 
each potential point in the study area using a specific discharge rate 
obtained from the relationship between the calculated flow accumula
tion (watershed area) and the actual monthly average discharge at the 
observation sites [33]. Next, SHP generation potential was calculated. 
After excluding restricted areas, including soil erodible areas, landslide 
susceptible areas, protected areas, and key biodiversity areas, potential 
sites for SHP were identified. Road vector data were used to estimate the 
distance of road construction from the potential SHP plants (Table 1). 
These spatial data were combined with other inventory data of the SHP 
plant for RTF calculation in ArcGIS Pro 2.9.2. After calculation, the RTF 
values of each potential location of the SHP plants were obtained, and 
preferential locations with smaller RTF values were mapped to the Dan 
River Basin. 

2.3. Small hydropower potential 

The SHP generation capacity was calculated using Equation (1) [33, 
40,41]. 

ICi = 9.8 × Qi × He × η (1)  

where, ICi is the SHP generation capacity (kW), Qi is the flow rate (m3/s), 
He is the effective head (m), and η is the total efficiency. The He was set to 
5 m, which is the average value for the run-of-river SHP. The total ef
ficiency η is a value obtained from the efficiency and waterway loss of 
water turbines and generators and was set to 0.8 [33]. 

The potential locations for installations of SHP plants with their 
hypothetical installed capacity (ICi, i = 1,2, 3, …,11086) were displayed 
on the map, and these raster data with 30 m resolution were converted 
to point data for subsequent RTF analysis. 

2.4. Resources time footprint analysis 

2.4.1. General equation of RTF 
RTF, also referred to as the resource occupancy to capacity ratio by 

our previous work is a common metric used to measure sustainability. 
This indicator utilizes the concept of “resource occupancy” of crucial 
multidimensional aspects connected with sustainability; the definition 
of resource occupancy is “the potentially reversible use of some type of 
resource that can be reused for a subsequent purpose within a specific 
period” [27]; pp.53). The RTF of each aspect is uniformly represented in 
years, enabling easier assessment of trade-offs among different aspects 
of sustainability and comparison of alternatives developed to achieve a 
more sustainable society [27]. 

According to our previous work, the general equation of the RTF 
(years) is expressed as: 

RTF = OA ×
T

TA
(2)  

where OA is the amount of resources occupied by an individual or group, 
T is the period of resource occupancy (years), which is usually set to 100 
years in the scenario (close to the lifespan of humans with an assumption 
of extension due to scientific advancement), and TA is the total capacity 
of a resource (allocated amount to an individual or a group). 

For resources with a finite supply speed, RTF can be expressed as: 

RTF =
CA
TS

(3)  

where, CA stands for the amount of consumption of a resource or Fig. 1. RTF of different aspects of sustainability [27].  
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emission of pollutant per person or per group (kg) and TS is the capacity 
of supply or removal speed of a resource (allocated amount to an indi
vidual or a group) (kg). When CA represents pollutant, such as CO2 
emissions, the result can also be presented as ΔRTF (the difference of 
RTF values between a countermeasure and business as usual-BAU sce
nario), thus the value may be negative. For the case study described in 
section 2.4, CO2 emissions during the operation of SHP were calculated 
as CO2 emissions from hydropower generation subtracted by CO2 
emissions from the same amount of thermal power generation, hence the 
value was negative. However, if the purpose is to compare the resource 
occupation between countries or regions, the result will be absolute 
values of RTF. 

Our previous work summarized the interpretation of RTF as follows: 
When the value of RTF is smaller, fewer resources are used or less 
pollution is emitted, indicating that the process is more sustainable. If 
RTF = 0 is the current resource utilization (BAU scenario), ΔRTF<0 
suggests that the occupancy of the resource will be negative and the 
effect on the environment will be positive due to the newly introduced 
product or service, with larger negative magnitudes indicating larger 
positive effects. Usually, the absolute value of RTF will not be negative. 
However, as an exception, in biomass with CO2 capture and storage (Bio- 
CCS), CO2 emission is negative, so the absolute value of RTF of CO2 can 
be negative. There were no upper or lower bounds for the RTF value. If 
the RTF value is greater than an individual’s lifespan, the occupancy of 
this resource may influence other people or the next generation, which is 
not sustainable. The RTF value calculated in the following case study 
was ΔRTF (value after construction and operation of the SHP plant 
minus value of BAU). 

Fig. 2. Drainage basin of the Dan River (province boundary data was downloaded from RESDC [79]).  

Fig. 3. Research flow of RTF analysis of potential SHP plants.  

Table 1 
Overview of the spatial data.  

Data Type of data Time Data source 

ASTER Global Digital 
Elevation Model 
V003 

Raster (30 m 
grid) 

2013 Downloaded from https 
://search.earthdata.nasa.gov/ 

Soil erodible areas Raster (250 
m grid) 

2021 Computed using ARIES 
(https://aries.integratedmodell 
ing.org/) [34] 

Landslide susceptible 
areas 

Raster (1 km 
grid) 

2017 [35] 

Protected areas Shapefile 2022 UNEP-WCMC and IUCN [36] 
Key biodiversity areas Shapefile 2022 BirdLife International [37] 
Road Shapefile 2018 [38] 
Land cover map Raster (100 

m grid) 
2019 [39]  

Fig. 4. System boundary for RTF analysis on the power generation by the 
operation of SHP plant for 100 years. 
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2.4.2. System boundary 
Construction and operation are two important stages in SHP plants 

(Fig. 4). First, resources are excavated and refined into raw materials for 
the construction of buildings or assemblages of equipment [42]. Because 
the SHP plant in this study was assumed to be a run-of-river type, 
large-scale dams were not expected to be constructed. Steel is used for 
building housing and hydro-equipment, such as turbines, and copper is 
used for generators [19]. The occupancy period was assumed to be 100 
years, and the lifespan of hydro-equipment is usually 30 years [19,43] so 
materials for hydro-equipment would be replaced three times. We 
assumed that all the replaced copper and steel could be utilized for other 
purposes after recycling. The transportation stage consisted of the 
transport of construction materials and equipment to a potential site by 
a diesel truck. 

The construction stage involves the construction of powerhouse, 
penstock, and tailrace, and the installation of equipment such as tur
bines and generators [19]; meanwhile, a new road would be paved from 
the existing road to the plant site. During this stage, the labor force and 
land occupancy for plant construction and road pavements were 
considered. During the operation stage, although there were no direct 
emissions caused by the hydro-turbine operation, compensation of 
thermal backup power from the grid was needed for the plant when the 
turbine stopped running [19]. The relationships between the installed 
capacity and input for the construction and equipment of an SHP plant 
were estimated from the inventory table of five SHP plants in Ref. [44]. 
Input during different stages of the SHP plant can be found in Table A1 
in supplemental material. Disposal of SHP plants was not included in this 
study since the construction would usually remain onsite and demolition 
of SHP plants were uncommon [19,24–26]. 

2.4.3. Beneficiary value of each potential SHP plant 
Since resource occupancy in RTF analysis is usually calculated on a 

per-capita basis, the benefit of each potential SHP plant is calculated as 
the number of people who can utilize the electricity generated by the 
SHP plant to meet the annual electricity demand. The beneficiary value 
was calculated using the following equation: 

Pi = ICi ×
APH
EC

(4)  

where, ICi is the installed capacity of the ith potential SHP plant; APH is 
the annual operating hours of the SHP plant, which was set as 3491 h, 
the average value in China [45]; EC is the annual electricity consump
tion in China, which was 5356 kW h/capita [46]. 

2.4.4. RTF of material 
The RTF of materials for each potential SHP plant can be expressed 

using the following equation: 

RTFsteel =

(
Sc,i + Se,i

)
× T

/
Pi

SRw + SDw/Pw
(5)  

RTFcopper =
COi × T/Pi

CRw + CDw/Pw
(6) 

Equations (5) and (6) represent the occupancy of steel and copper 
per capita during 100 years (kg*year) divided by the present capacity of 
steel and copper allocated per person (kg). Since steel and copper are 
usually traded between countries, capacity is allocated per person 
worldwide (Table 2). 

2.4.5. RTF of CO2 emissions 
Theoretically, RTF can capture CO2 and other pollutants. However, 

this study focused on CO2 only. The CO2 emissions were derived from 
the following stages:1) the production of steel, copper, and cement from 
primary and secondary sources; 2) transportation of materials from the 
factories to the potential site of SHP plants via diesel trucks; 3) the 

Table 2 
Parameters used to calculate RTF.  

Parameter Description Value Unit Reference 

AP Land area 
occupied by the 
SHP plant 

0.06 km2 [44] 

APH Annual 
operating hours 
of SHP plant in 
China 

3491 hours [45] 

ARCi Area of road 
construction for 
the ith SHP plant 

Site- 
specific   

ATi Area converted 
by timber use for 
the ith SHP plant 

28.98 ×
ICi

0.83/ 
5244 

km2 Forest stock 
volume data were 
obtained from 
National Bureau 
of Statistics, 
China [47] 

CDw Global in use 
stock of copper 
in 2020 

3.0 
E+11 

kg [77] 

CEi Cement use for 
the ith SHP plant 

2091 ×
ICi

0.93 
kg [44] 

CETi CO2 emissions 
during 
transportation 
for the ith SHP 

Site- 
specific 

kg See equation A.1 
in supplementary 
material 

CIce CO2 emission 
intensity of 
cement 
production in 
China 

0.735 kg CO2e/kg [48] 

CIco CO2 emission 
intensity of 
copper 
production in 
China 

5.88 kg CO2e/kg 
copper from 
primary 
sources 

[49] 

1.59 kg CO2e/kg 
copper from 
secondary 
sources 

CIhp CO2 emission 
intensity of 
hydropower 
generation in 
China 

0.02 kg CO2e/kWh [45] 

CIs CO2 emission 
intensity of steel 
production in 
China 

2.148 kg CO2e/kg 
steel from 
primary 
sources 

[50] 

1.4 kg CO2e/kg 
steel from 
secondary 
sources 

[51] 

CItp CO2 emission 
intensity of coal 
power plants in 
China 

0.865 kg CO2e/kWh [52] 

COi Copper use for 
the ith SHP plant 

479 ×
ICi

0.42 
kg [44] 

CRw Global copper 
reserves 

8.80 
E+11 

kg USGS [53] 

CU Annual net 
global carbon 
dioxide uptake 

2.02 
E+13 

kg [54] 

ICi Installed 
capacity of the 
ith potential SHP 
plant 

Site- 
specific   

LREi Land use by 
renewable 
energy 
production for 
the ith SHP plant 

Site- 
specific 

km2 [55,56] 

Pd Total population 
in the provinces 
of Shaanxi, 

1.96 
E+08 

person National Bureau 
of Statistics, 
China [57]. 

(continued on next page) 
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operation of the SHP plant. The CO2 emissions during the operational 
stage were calculated as the amount of emitted CO2 that could be 
reduced if the hydropower generated was substituted for the same 
amount of thermal power. During the 100 years, materials for hydro- 
equipment would be replaced three times. We assumed that the 
replacement steel and copper were made from secondary (recycled) 
metals, and those for new installations were from primary sources. 

The RTF of CO2 emissions for each potential SHP plant can be 
expressed using the following equation:   

2.4.6. RTF of labor 
The labor force needed during the construction of pathways between 

the potential site of the SHP plant and the existing road, and for the 
construction and the operation of the plant were calculated. 

The RTF of labor for each potential SHP plant can be expressed by the 
following equation: 

RTFlabor =

WHr×ARCi+WHp×VCi
2000 + WOi × T

PWPc × Pi
(8) 

The numerator of this equation refers to the total labor force required 
for the plant over 100 years (person × year), and the denominator is the 
total working-age population of the beneficiary (Table 2). Hypothetical 
annual working hours in China were assumed to be 2000. 

2.4.7. RTF of land 
The timber used during the construction of the SHP plant, electricity 

consumption and generation during construction and operation, and the 
area occupied by potential road construction and the plant were 
involved in the analysis of RTF for land. The RTF of the land occupancy 
for each potential SHP plant can be expressed by the following equation: 

RTFland =

[
ATi ×

1+0.4
2 × 40 + LREi + (ARCi + AP) × 1 × T

]/
Pi

∑5

x=1

y×TAx
Pd

(9) 

The denominator of this equation represents the corrected occupied 
land area per capita in the provinces of Shaanxi, Henan, and Hubei 
where the Dan River is situated. The corrected occupied land area was 
calculated by multiplying the total area of each land cover type in the 
three provinces (TAx) with the corresponding occupancy level y 
(Table 3). The volume of timber consumed (m3) was converted to the 
area of land (ATi) (km2) based on the average forest stock volume (m3/ 
km2) in the three provinces. After the land was cleared to harvest timber, 
the land occupancy level was set to 1. It takes an average of 40 years for 
the land to transform back to the artificial forest, whose occupancy level 
was set at 0.4. Electricity consumption and generation during con
struction and operation were converted to the area of land (LREi) (km2) 
for renewable sources to generate the same amount of electric power. 

For each potential SHP plant, we assumed that half of the electricity was 
generated by solar photovoltaic (PV) and the other half was generated 
by bio-energy from timber. Because naturalness was high in study area, 
after the land area was used for the road and plant, the occupancy level 
became “1” from “0”. Therefore, we multiplied the land occupation of 
road and plant by “1”. 

Table 2 (continued ) 

Parameter Description Value Unit Reference 

Henan, and 
Hubei in China 

Pi Population of 
beneficiary of 
the ith SHP plant 

Site- 
specific 

person  

Pw Total population 
in the world 

7.76 
E+09 

person World bank [58] 

PWPc Percentage of 
working-age 
population in 
China 

42%  World bank [58] 

Sc,i Steel use for 
construction for 
the ith SHP plant 

446 ×
ICi

0.71 
kg [44] 

Se,i Steel use for 
equipment for 
the ith SHP plant 

89.2 ×
ICi

0.84 
kg [44] 

SDw Global in use 
stock of steel in 
2020 

2.50 
E+13 

kg [59] 

SRw Global steel 
reserves (iron 
content in iron 
ore) 

8.50 
E+13 

kg USGS [53] 

T Period of 
resource 
occupancy 

100 years [27] 

VCi Volume of 
concrete use for 
the ith SHP plant 

CEi/0.36 m3 [44] 

WHp Working hours 
for hydropower 
plant 
construction in 
China 

11.09 Person*hour/ 
m3 concrete 

Ministry of Water 
Resources of 
China [60] 

WHr Working hours 
for road 
construction in 
China 

3.39 Person*hour/ 
m2 

Ministry of Land 
and Resources of 
China [61] 

WOi Personnel 
required for the 
operation of the 
ith SHP plant in 
China 

10 when 
ICi ≤

500 kW; 
18 when 
ICi >

500 kW 

Person Ministry of Water 
Resources of 
China [62]  

Table 3 
Naturalness and occupancy level of each land cover type in the provinces of 
Shaanxi, Henan, and Hubei in China.  

Land Cover Type Naturalnessa Occupancy 
levela 

Total Area 
(km2)b 

Natural Forest 9 0 140,389 
Natural grassland 10 0 6812 
Artificial forest, shrub 6 0.4 96,838 
Artificial grassland 5 0.5 61,714 
Cultivated and managed 

vegetation/agriculture 
(cropland) 

2 0.6 205,344 

Urban/built up 1 1.0 32,342  

a Values were cited from [29]. 
b Data of natural forest areas in Shaanxi, Henan, and Hubei Provinces were 

obtained from National Forestry and Grassland Administration [63], the Chinese 
Government [64], and [65], and areas of other land cover types were calculated 
from land cover map in 2019 downloaded from Copernicus. 

RTFCO2 =

[
Sc,i × CIs +

(
Se,i × CIs + COi × CIco

)
× 4 + CEi × CIce + CETi +

(
CIhp − CItp

)
× APH × ICi × T

]/
Pi

CU/Pw
(7)   
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3. Results 

3.1. Possible sites of SHP plants in the Dan River Basin 

Fig. 5 (a) and (b) were obtained after running the SHP potential 
model in ArcGIS Pro following the processes in Section 2.3. The po
tential electricity generation capacity along the Dan River ranged from 6 
to 1236 kW of 45,184 points (Fig. 5 (a)). After exclusion of protected 
areas, key biodiversity areas, landslide-susceptible areas, and soil- 
erodible areas which were overlapping with the waterway, the 
remaining part was the possible sites of SHP plants. The potential 
installed capacity of the SHP plant ranged from 6 to 1175 kW of 11,086 
points (Fig. 5 (b)). The main areas excluded from the waterway were the 
downstream portion of the Dan River, namely the Danjiangkou Reser
voir, as well as the downstream of Danfeng and Shangnan County due to 
the presence of flood plain and landslide susceptibility areas. 

3.2. Analysis of RTF for potential sites of SHP plants 

The ΔRTF of materials, CO2 emissions, labor, and land of each po
tential SHP plant compared to BAU are shown in Fig. 6, and the basic 
statistics are shown in Table 4. 

The ΔRTF of steel ranged from 0.92 to 3.55 for potential SHP plants 
in the Dan River Basin, and the ΔRTF of copper was between 8.19 and 
168.11 including the amount used for the construction and equipment. 
When the potential installed capacity was larger, the ΔRTF of the ma
terial in the study area was smaller. Moreover, the ΔRTF of copper was 

8.9–47.3 times higher than that of steel, which means that the occu
pancy of copper has a larger impact on sustainability. Although the 
amount of copper used was less than that of steel in SHP plants, the 
copper availability in society is much smaller than that of steel in the 
current situation. Because RTF considers the ratio between the occu
pancy of the resource and the total capacity of the resource, the utili
zation of copper weighs more in the RTF of the material. 

The ΔRTF of CO2 emissions was negative for all the potential sites for 
the SHP plant, which means that the absolute value of CO2 emissions 
during the operation stage was larger than the CO2 emissions during 
transportation and construction. Because CO2 emissions during the 
operation stage were calculated as CO2 emissions from hydropower 
generation subtracted by CO2 emissions from the same amount of 
thermal power generation, the value was negative. The negative value of 
ΔRTF indicated that compared to BAU scenario, the occupancy of the 
resource would decrease with the newly introduced product or service. 
The negative ΔRTF of CO2 for SHP suggests that if locals utilize elec
tricity generated by SHP instead of traditional thermal power, their 
occupancy of the allocated amount of CO2 emissions will decrease. 

The ΔRTF of land ranged from − 173.65–1781.10 and 
68.28–2023.03 with and without conversion of the electricity genera
tion to the land area occupied by solar power and bioenergy to produce 
the same amount of electricity, respectively revealing that the SHP has 
the potential to reduce future land occupation incurred by the installa
tion of solar power and bioenergy. Although, for 60% of the potential 
sites, there was land area occupied by the SHP plant and the pathway, 
the potential to reduce prospective land use could completely compen
sate for it. 

In terms of the ΔRTF of labor, the values varied between 5.95 and 
686.64 (Fig. 6(e)). The ΔRTF of labor was much larger when the po
tential installed capacity was small, owing to the small number of ben
eficiaries. Although there were labor inputs during the construction of 
roads and plants, the ΔRTF of labor was mainly determined by the labor 
force during the operational period of 100 years. 

Fig. 6 (f) shows the overall ΔRTF for four aspects viz. materials, CO2, 
labor, and land for each potential site of the SHP plant in the Dan River 
Basin. No weighting factor was included in the calculation. When 
applying this method to other regions, if some aspects of the RTF are 
region-specific, the weighting factors can be re-considered in calculating 
the overall RTF. Among all potential sites, 7151 out of 11,086 had 
negative overall ΔRTF values, which means the environmental perfor
mance of 65% of the potential SHP plants was positive in the study area. 

The relationship between the ΔRTF of each aspect and the potential 
installed capacity of the SHP plant is shown in Fig. 7. With an increase in 
the potential installed capacity, the ΔRTF of copper, land, and labor 
decreases considerably between 0 and 50 kW, while the ΔRTF of CO2 
and steel decrease marginally. The capacity of SHP plants to reduce CO2 
emissions and prevent future land use is overwhelming compared to the 
material and labor inputs during construction and operation. 

Although some site-specific factors such as labor force and land use 
for road construction and transportation of raw materials are included in 
the analysis of RTF, the trend of the total ΔRTF was determined by the 
potential installed capacity of SHP plants. When the installed capacity 
increased within the limits of the SHP, the overall ΔRTF was smaller. 

3.3. Preferential sites for potential SHP plant 

The top 25% of the 11,086 potential SHP plants in the Dan River as 
sorted by ascending overall ΔRTF values are shown in Fig. 8. The ca
pacity ranged from 273 to 1175 kW. The top 25% of SHP plants are 
expected to contribute to sustainability the most among all potential 
sites in the river basin. The selected potential sites with the lowest ΔRTF 
would be the most environmentally friendly and would have the highest 
capacity to contribute to the reduction of CO2 emissions and prevention 

Fig. 5. (a) Potential capacity from the waterway in the Dan River Basin (unit: 
kW) (b) Potential installed capacity of possible sites of SHP plants in the Dan 
River Basin after excluding protected areas, key biodiversity areas, landslide- 
susceptible areas, and soil-erodible areas (unit: kW). 
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Fig. 6. ΔRTF values of the power generation by the operation of possible SHP plants for 100 years compared to BAU in the Dan River Basin (unit: years): (a) ΔRTF of 
steel; (b) ΔRTF of copper; (c) ΔRTF of CO2 emissions; (d) ΔRTF of land; (e) ΔRTF of labor and (f) Overall ΔRTF. 

Table 4 
Basic statistics of ΔRTF values of the power generation by the operation of potential SHP plants for 100 years compared to BAU.   

Aspect 
Description Value of ΔRTF (years)  

Average Median Maximum Minimum n 

Material Steel 1.97 1.80 3.55 0.92 11,086 
Copper 55.87 37.22 168.11 8.19 
Averaged value of steel and copper 28.92 19.51 85.83 4.55 

CO2 CO2 − 173.46 − 173.60 − 172.52 − 173.92 
Land land 171.45 − 43.92 1781.10 − 173.65 

land_exclude_LRE 413.38 198.01 2023.03 68.28 
LRE − 241.93 

Labor labor 132.44 44.62 686.64 5.95 
Overall RTF Averaged value of four aspects 39.84 − 38.32 595.10 − 84.26  
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of future land degradation. Therefore, the ideal locations for SHP plants 
in the study area were the midstream and downstream portions of the 
main channel of the Dan River. 

4. Discussion 

4.1. RTF analysis of SHP 

SHP which is regarded as a green energy source reduces the 
requirement for coal-fired thermal power generation. Hence, it could 
indirectly reduce CO2 emissions by reducing the workload of the ther
mal power generators. According to CDM (Clean Development Mecha
nism), the reduced CO2 emission is proportionate to the amount of 
electricity generated by the SHP plant [66]. In this study, the CO2 
emissions were allocated to the beneficiaries in the Dan River Basin, and 
the ΔRTF value of CO2 did not change significantly with the installed 
capacity. CO2 emissions during operation depend on the installed ca
pacity and annual working hours. Because the ΔRTF of CO2 was nega
tive, the absolute value of CO2 emissions during the operation was much 
larger than the total CO2 emissions during production and 

transportation, which indicated that the ΔRTF of CO2 was determined 
by the CO2 reduction potential during the operation stage. If the CO2 
reduction potential during the operation stage cannot compensate for 
the emissions during construction and transportation (the installed ca
pacity is too small or the operation hours are too short), then the ΔRTF 
of CO2 would be positive. Because CO2 is the primary greenhouse gas 
emitted from human activities [67], this study only considers CO2 as a 
pollutant for RTF calculations. However, the RTF methodology can also 
be used to assess other pollutants. We did not consider the impact of SHP 
on aquatic habitat and biota community because the plant assumed in 
this study was run-of-river SHP scheme without water storage or 
diversion, and research showed that this scheme was more eco-friendly 
than the diversion weir and the pondage hydropower plants [68]. 

Concerning the parameters chosen for RTF analysis, for the raw 
material use during the construction (steel, copper, cement etc.), we 
assumed the amount of material uses increased with installed capacity of 
SHP plants (ICi). The relationship between material uses and installed 
capacity was estimated from the inputs of five SHP plants in Ref. [44], 
since the type and scale of SHP plants were similar to those in our study. 
For other parameters we basically used Chinese values expect for the 

Fig. 7. Relationship between the ΔRTF of each aspect and the potential installed capacity of the SHP plant.  

Fig. 8. Preferential sites of SHP plants in the Dan River Basin.  

X. Huang et al.                                                                                                                                                                                                                                  



Renewable Energy 205 (2023) 293–304

302

denominators of steel, copper, and CO2. Because metals are finite re
sources and often traded internationally, the denominator of RTF of 
material is allocated capacity per capita in the world. As for CO2, since 
the effects of global warming are planet-wide, the denominator is CO2 
uptake capacity by nature allocated to each person around the world. In 
terms of RTF of land, because it is a regional specific issue in our study 
and the capacity of land is restricted by regional boundaries, results will 
differ greatly when constructing SHP plants in regions with various land 
cover types and land areas. Hence, the scope of RTF of land is the 
provinces of Shaanxi, Henan, and Hubei where the target river basin is 
situated. Although timber is also traded between countries, it can be 
produced inexhaustibly through repeated planting and harvesting, so 
RTF does not regard timber itself as an evaluation target but considers 
the occupation of finite land which is necessary for timber production. 
Scope of RTF depends on the research objective, if the topic is global 
timber production, then the scope will be the entire world. 

In this study, we made a preliminary comparison between SHP and 
other energy sources. In the aspect of CO2, since the coal-fired power 
plant is the main contributor to CO2 emissions in China’s electricity 
sector [52], so we calculated the emission reduction potential of SHP 
compared to coal power. As for land, we compared SHP with other 
renewable energy technologies but not fossil fuel technologies (coal-
fired power plants), because coal itself is not a sustainable resource and 
it is not the evaluation target of RTF. We compared the land use of SHP 
with woody biomass (timber) and solar PV which required large tracts of 
land to show the potential of prevention of land occupation. We choose 
timber but not energy crops because our study region is a mountainous 
area with abundant woods, and the expansion of energy crops in China 
may have negative impacts on food security according to Weng et al. 
[69]. We choose solar PV because the technology is mature and the 
cumulative installed capacity in China is the highest around the world 
[70]. However, the renewable energy technologies to be compared may 
be changed according to the study area. Since wind, solar, and biomass 
are widely implemented renewable energy sources in China now, further 
studies should conduct complete RTF analysis for them to thoroughly 
compare and choose the optimal one according to local situations. 

This study made an initial attempt to apply the RTF to spatial 
assessment and site selection. Existing literature on RTF usually com
pares different processes of construction, waste management, and forest 
management [27,28,29]. This study verified the capability of RTF to 
rank potential locations for SHP plants. Moreover, potentially sustain
able plants could be identified through the ΔRTF (having an overall 
ΔRTF<0). For future applications, site selection of other renewable 
energies can also be analyzed using RTF, and a trade-off can be made 
among different locations as well as different kinds of renewable power 
plants, serving as scientific information for decision-makers and 
planners. 

4.2. Role of SHP 

According to Kong et al. [17], the main sources of energy con
sumption for the mountain rural people were coal, straw, and firewood 
as rural alternative energy was underdeveloped or inaccessible. In order 
to meet the residential energy demand of these social sectors and 
simultaneously improve the ecological environment, the Chinese gov
ernment launched a project called “Substituting small hydropower for 
fuel” in 2003. The electricity produced by SHP plants are supplied 
directly to the vicinity [71]. From 2009 to 2014, 190 projects had been 
completed to generate electricity, solving the problem of living fuel for 
more than 1.3 million rural residents [72]. The residential electricity 
price of power grid is about 0.54 CNY/kWh (~0.078 USD/kWh), but the 
average electricity price of SHP is 0.3 CNY/kWh (~0.043 USD/kWh), 
thus increasing affordability for peasants [73]. The population density in 
the urban area of Xichuan county in this study is 1594 person/km2 [74], 
with the number of beneficiaries of potential SHP plants being only 
~180. Therefore, SHP can be considered as a supplementary energy 

source along with other sources in urban region. In mountainous rural 
areas, SHP can satisfy the energy demands of the local people. 

In the context of global climate change, SHP plants have become a 
promising alternative to facilitate energy transition to decouple eco
nomic development and greenhouse gas emissions. It is estimated that 
with climate change, the river discharge and SHP potential will increase 
[75]. Moreover, the study showed that SHP plants could integrate more 
solar PV to achieve the 100% green electricity goal [76]. However, some 
regions experienced over-development of SHP in China and even the 
world due to the lack of rational planning and environmental impact 
assessment before construction, resulting in a recent decline in the 
development rate and even the shutdown of existing plants [10,15]. This 
study contributes to the identification of priority areas for SHP devel
opment to ensure the proper utilization of water resources. 

4.3. Uncertainty 

The monthly average river runoff volume in 2019 was used in the 
SHP potential model to calculate the river discharge and to estimate the 
electricity generation potential from the riverway. Nevertheless, over 
80% of the annual rainfall is concentrated between May and October, 
and the remaining between November and April in the Dan River Basin 
[30]. In addition, annual precipitation increased with the elevation in 
the study area. Therefore, the operation hours of the SHP plant would be 
uneven throughout the year, and most SHP plants are confronted by 
insufficient water discharge. The annual operational time for the po
tential SHP plant was assumed to be 3491 h (average value in China) in 
this study [45], but in reality, operational hours fluctuate every year 
even within the same plant. Since the potential for CO2 emission 
reduction and land use prevention depend on installed capacity and 
annual working hours, the RTF would be larger than the estimated value 
under short working hours. Therefore, strategies to optimize the oper
ational time and amount of hydropower generated are critical for 
improving the environmental performance of SHP plants. 

Although the RTF evaluates the sustainability of a system over a 
period of 100 years, future scenarios for parameters in the RTF calcu
lation are not covered by this study. For instance, the exploitable 
amounts of steel and copper may increase owing to advances in tech
nology and the population will also fluctuate in the future. In addition, 
the inventory data for the construction and equipment of the SHP plants 
are based on the current situation, and with technology development, 
the components and quantity of materials may be different. Moreover, 
the ratio of solar power generation to biomass as alternative energy 
sources affects the RTF of land. 

Finally, this study did not consider the social and economic factors 
prevailing under local conditions. Therefore, an on-site investigation is 
required to verify the social and economic feasibility of each potential 
location of the SHP plant. 

5. Conclusions 

SHP plants as a clean way to generate electricity are developing 
rapidly in the rural areas of China. This study utilized an SHP potential 
model to identify possible sites of SHP plants in the Dan River Basin and 
then analyzed the ΔRTF of material, CO2 emissions, labor, and land for 
each potential SHP plant compared to BAU in the study area. The po
tential installed capacity of SHP plants in the Dan River Basin ranged 
from 6 to 1175 kW. With an increase in the installed capacity, the overall 
ΔRTF decreased. The potential of SHP plants to reduce CO2 emissions 
and avoid future land use was overwhelming compared to the material 
and labor input during construction and operation. The SHP could be a 
remarkable alternative for thermal power. The environmental friendli
ness of SHP plants increased with their installed capacity. Since the 
operational stage of the SHP plant plays an important role in CO2 
emission reduction and land use prevention, it is crucial to ensure the 
optimal hydropower generation amount. 
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Preferential locations for SHP plants with low ΔRTF in the 
midstream and downstream portions of the Dan River Basin were 
identified, and the capacity ranged from 273 to 1175 kW. On-site in
vestigations are required to verify the social and economic feasibility of 
SHP plants. 

The methodology developed in this study can be implemented to 
identify preferential locations for SHP plants with low environmental 
impacts. It applies to other watersheds in China and beyond and is 
helpful to the decision-making process during the planning of SHP 
projects by the local government. To expand this methodology to other 
regions, additional information should be obtained, such as the speci
fication of SHP equipment, data for CO2 emission and land use, and 
standards of the labor force, to modify the parameters for the calculation 
of RTF to best fit the local situation. 
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