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Abstract: This study evaluated eight different types of heat supply modes based on crop residues utilization in the rural area
of Northern China, including straw densified solid fuel combustion, pyrolysis char combustion, biogas combustion, and
pyrolysis gas combustion for single household heating; straw densified solid fuel combustion, baling straw combustion,
biogas combustion, and pyrolysis gas combustion for centralized heating; centralized gas supply and centralized pyrolysis
gas supply modes. Comprehensively evaluation was the cost of these different eight heat supply modes. The results
showed that the cost of straw densified solid fuel combustion, pyrolysis char combustion for single household heating were
2346 RMB/household and 2390 RMB/household. With the heating scale of 200-500 households, the pipe network distance
was 8 m/household, and the total annual heating cost was predicted at 2201-2992 RMB/household. Among them, the cost of
straw baling combustion for centralized heating was the lowest, the cost of densified solid fuel, biogas, and pyrolysis for
centralized heating was the second, and the cost of biogas and pyrolysis gas for centralized gas supply was the highest. For
the increase in every 1 m of the pipeline distance, the investment cost will increase by about 645 RMB for each household.
This study provides a basis for the implementation of clean heat supply technologies in less-developed areas and guidance of

village heat-supply subsidy policies.
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based on crop straws in the rural area of Northern China.

1 Introduction

As the largest grain producer of the world, China has plenty of
biomass resources, the collectible straw resources are 674 million t
in 2017, and the amount of straw utilization was 585 million t,
there are still 89 million t of straw wasted or burnt directlyt", which
resulted in serious energy waste and environmental pollution'.
Straw has always been one of the main fuels for heating for rural
residents!”.  The efficiency of straw direct combustion for
decentralized heating was low, accompanied by high particulate
matter (PM) and nitrogen oxide (NOy) emissions, which caused
seriously indoor and outdoor air contamination and is harmful to
health. Another issue was the hidden dangers caused by the
storage of the straw?®7].  Straw can be used for clean heat supply
with special combustion technology and equipment. As a result,
straw can be used as a type of renewable energy. The proportion
of renewable energy used in centralized heating in China was 1%,
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Evaluation of different clean heat supply modes

which was far lower than that of the European Union (19.3%)",
therefore, straw energy utilization in China has a great potential for
development.

There was about 70% of the total land area requires for heat
supply in China, which covers the Northern part of China (Figure 1)
Energy used for heat supply is mainly produced by coal
combustion.
was equal to 400 million tons of standard coal®'!.

The annual consumption of coal used for heating
Coal
decentralized combustion is mainly implemented in rural areas,
which resulted in serious PM, sulfur dioxide (SO,) and NOx
emissions. In recent years, to promote clean heating in winter in
Northern China, the relevant government departments have taken
measures including transition such as coal-to-electricity and
coal-to-gas to alleviate air pollution. However, the cost of power
grid transformation for adaption of such technologies in the rural
area was high, and the supply of natural gas is insufficient. In the
daily life of rural residents, heating energy consumption accounts
for the largest proportion, which is about 59% of the total energy
consumption[lz'“ﬂ. Therefore, how to convert the abundant straw
of China into clean heat for rural areas is one of the effective ways
to solve the above problems. The conversion was beneficial to the
optimization of the energy structure of rural areas, improving the
rural environment, improving the quality of living conditions of
farmers, and promoting the green agriculture in Chinal'>'®!,

The straw-based energy products for heat supply include straw
densified solid fuel, baling straw, and pyrolysis charcoal, pyrolysis
gas, biogas produced using straw as the feedstock (Figure 2).

Straw densified solid fuel is a kind of solid fuel, which be
produced by compressing the straw into a specific shape through
special equipment after crushing and drying and has increased
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density. It could be divided into compaction and granular fuels
based on the product shape. The energy density was equal to that
of the medium bituminous coal'”. The fuel quality is sufficient
to meet the requirements of the Chinese Agricultural Standard
(NY/T 2909) and international standards (ISO 17225-6 and ISO

17225-7)2%23 Compared to the traditional bituminous coal,

straw densified solid fuel has higher combustion efficiency, caused
by easier ignition with a greatly shortened starting time of
combustion. What’s more, CO, NOy, PM emission and ash were
53] Greenhouse gas

emissions were zero for straw densified solid fuel combustion,
[24]

low, and there was negligible SO, emission’

which is beneficial to environmental improvement in rural areas

u

The days of annual averaged daily temperature =5T more than 90 ﬁuer year.

Note: 1. Dividing line between the north and the south is divided by the annual average daily temperature stability <5°C for more than 90 d;
2. North of the Qinghai-Tibet Plateau-Qinling-Huaihe line. In the diagram, the red area requires heat supply.
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Figure 2 Typical mode of straw clean heating

Baling straw is a method to compress straw into round or
square bundles by bundling equipment. At present, there was no
standard for the regulation of the quality of baling straw. The
emission of NO, and PM cannot meet the requirements of
<150 mg/m* and <50 mg/m’ in the application of single household
heating with the existing technology, therefore, the study only
considers the central heating mode. By actual testing, the
moisture content and ash content of baling straw are normally
15%-30% and 10%-30%, respectively. The low calorific value
and density of the baling straw were 10-14 MJ/kg and 300-
500 kg/m®, respectively. Generally, baling straw is mainly
combusted in a semi-gasification boiler and the product gas is
transported to households for heating, and the thermal efficiency
was high than 80%.
baling straw requires no crush and molding. However, due to the
lower density, the baling straw was occupied 2-4 times more space

Therefore, attention should be paid for storage, fire

Compared to the straw densified solid fuel,

to store.
prevention and mildew prevention for baling straw. Moreover,
the size of boilers and feeding equipment was relatively large at the

Schematic diagram of the area requires heat supply in Northern China

same time, which increased the cost of primary investment.

Straw pyrolysis charcoal was a kind of solid produced by
pyrolysis of the feedstock under absolute oxygen or anoxia. It can
be used for dispersed heating. The calorific value of pyrolysis
charcoal was higher than that of straw densified solid fuel, and the
ash content was relatively higher™ %],

Pyrolysis gas is the gas produced by pyrolysis under the
adiabatic or anoxic conditions, which contained a variety of
components.
hydrogen, carbon monoxide and methane.
pyrolysis gas was 3-5 times higher, and the impurities such as tar
There was

The main combustion components gases were
The calorific value of

are low than the conventional straw gasification gas.
no relevant quality standard for pyrolysis gas. For commercially
useable pyrolysis gas, the low calorific value should be higher than
14 MJ/m?, tar and dust lower than 10 mg/m’, hydrogen sulfide
lower than 20 mg/m®, ammonia lower than 50 mg/m’, carbon
monoxide lower than 10%, oxygen content lower than 2%
according to Chinese National Standard (GB/T 13612) coal retort
gas?’l. The pyrolysis gas does not need desulfurization, but it
requires tar and PM removal. The thermal efficiency of the
pyrolysis gas boilers is higher than 90%. Pyrolysis gas needs to
be processed with deducting and denitrification facilities because it
contains a small amount of tar and dust. Therefore, the primary
investment, operation cost and maintenance cost were slightly
higher than that of the biogas.

Straw biogas is a kind of combustible gas produced by the
anaerobic fermentation of microorganisms under certain conditions
of temperature, moisture, acidity and alkalinity. According to the
Chinese National Standard (GB/T 51063), the calorific value needs
to be more than 17 MJ/m’ and hydrogen sulfide was less than
20 mg/m’ (for domestic use)*"). The main components of the
biogas were CH; and CO,. The thermal efficiency of biogas
boilers was higher than 90%. There was no PM emission during

biogas burning. The post-processing requires dehydration and
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desulfurization facilities. After dehydration and desulfurization,
biogas can be used for heating. Moreover, the content of S and N
in biogas/biological natural gas was low, and the flue gas can meet
the discharge standard. In addition, the investment, operation cost
and maintenance cost were relatively low.

The typical clean heating mode for different straw energy
products was displayed in Table 1. The suitable heating modes
were selected according to the characteristics of a single
household, village, community and park. In order to achieve
clean heating, the boiler for central heating with solid fuels such
as straw densified solid fuel and baling straw needs to be

equipped with tail gas treatment devices that mainly include dust
removal and denitrification. Biogas, pyrolysis gas and other gas
fuel do not need to be equipped with tail gas treatment devices,
and their direct combustion can meet the requirements of relevant
standards. The single household heating should meet the
requirements of the Chinese Energy Industrial Standard (NB/T
34006)%! flue gas emission PM<50 mg/m’, SO,<30 mg/m’,
NOx<150 mg/m’, CO<0.2%, Randleman blackness<l. Special
boilers are used for centralized heating, and the flue gas
emissions should meet the requirements of the Chinese National
Standard (GB 13271)1%.

Table 1 Details of typical clean heating mode for different straw energy products

Product Heat supply modes

Main features and applicability

Single household heating mode of “straw
Straw  densified solid fuel+small special stove

o villages and towns.
densified heating” (Sper) €

The thermal efficiency can be higher than 70% using a special furnace

(29311 \hich is suitable for small

solid . . w
fuel g:;:;gggeioli(}l}e?gi s ;;li(;(lieboi(lfr-*—hese:triiw When a special boiler was used for clean combustion, the heat efficiency of the boiler can be higher than
v P & 80%%"), which is slightly higher than that of traditional coal boilers"®?.
network” (Cper)
Baling Centrallzeq hf:atmg mode (?f bal}ng Semi-gasification boiler can be used combined with the central heating network. Thermal efficiency of the
straw-+semi-gasification ~ bundling+heating . .
straw . boiler was higher than 80%.
network” (Cpuna)
Pyrolvsi Single household heating model of Pyrolytic charcoal stove was used, and the thermal efficiency was higher than 70%, which is the same as the
0{11;1(;0}(1)218 “pyrolysis  charcoal+small-sized  special single household heating mode of “straw densified solid fuel and suitable for a single household or scattered
stove heating” (Schar) heating in villages and towns.
Centralized heat?ng mode OfA heat ?“d High-temperature pyrolysis gas was directly used for combustion without the separation of tar, then
chercoal combined production using . . o
. . transported to users through the heating network; Pyrolysis charcoal can be used as carbon-based fertilizer
straw+heating network+carbon fertilizer for . . . . .
s to improve the quality of agricultural products and increase soil carbon.
farmland” (Cpyrohcat)
Pyrolysis . . . . .
The high-temperature pyrolysis gas was separated and purified by condensation. It can be supplied to
8as Centralized gas supply mode of “gas and households, and the heating time can be controlled autonomously. This mode can share the network with
carbon co-production using straw+gas cooking and hot water supply. Pyrolysis charcoal can be used to selectively produce pyrolytic charcoal or
network+wall-mounted furnace heating” carbon-based fertilizer products according to market demand, which can meet the needs of clean heating or
(Cpyrogas) agricultural production. This mode has the advantages of clean energy conversion, diverse hot carbon
products, high-grade energy, and low NOx and PM emission.
. . « The biogas produced by anaerobic fermentation was burned in special methane boiler and heating was
Centralized heating mode of “straw . . . . e . .
. . . provided through the heating network. Biogas slurry and residue can be used as fertilizer. This mode is
biogastheating  network+biogas  slurry . . . . . L . .
. - suitable for huge heating needs combined agricultural with sophisticated infrastructures. Biogas can
returning to the field” (Chioheat) . .. . .
Bi effectively replace coal, optimize the structure of agricultural energy consumption.
iogas

Centralized gas supply mode of “straw
biogast+heating network-+wall-mounted
furnace heating” (Cpiogas)

The biogas produced by anaerobic fermentation was burned in special methane boiler and heating was
provided through the heating network, the heating time could be controlled autonomously. This mode can
share the network with cooking and hot water supply. Biogas slurry and biogas residue can be used as
solid and liquid organic fertilizer according to market demand, and meet the demand of facility agriculture.

2 Materials and methods

2.1 Evaluation methods

The research was based on five kinds of products derived from
straw, including straw densified solid fuel, baling straw, pyrolysis
charcoal, pyrolysis gas and biogas.
household in rural areas was 100 m*>.  For centralized heating, the

The heating area of each

research selected 50-500 households. The authors compared the
cost of these eight different heat supply modes, which are intended
to provide theoretical reference for single household, village,
community and park heating in Northern China.

The heating load time was calculated according to Equations
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where, #, is the conversion of the heating period into design heat
load time, h; ¢, is the daily time for 24 h, h; ¢ is the heating time
during the heating period, d; S factor; b is correction factor; 0;, is
the designed temperature of the heating room, °C; 0,,, is the
average outdoor temperature during the heating season, °C; 6, is
the outdoor calculated temperature for heating, °C. A case study
of winter climate in Hebei, China, =120 d, 8,~18°C, 6, ,,=—0.7°C,
0,,~7.6°C. The designed heat load time during heating time
lasted for the 1776 h, which means the heating time was 14.8 h/d.

The annual heat load demand was calculated according to
Equation (4).

G=qt,-Sx3.6x10° “)
where, G is the annual heat load demand, GJ; ¢ is the heating index,
W/m?; § is the total heating area, m>. According to the Design
Code for Urban Thermal Network (CJJ34)*), The range of heating
heat index ¢ is 40-45 W/m”  According to the literature™, the
proportion of new urban buildings in the northern region to
implement the mandatory energy-saving standards is nearly 100%.
At present, the proportion of energy-saving buildings is more than
50%, and only 20% of rural heating buildings have taken certain



212 September, 2020 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org Vol. 13 No.5

energy-saving measures. Based on the low proportion of rural
energy-saving, here 45 W/m? is used.
__4 Uy
O +0
where, M is the fuel consumption, kg or m®; ¢ is the heating index,
W/m?; O; is the low calorific value of the fuel, kl/kg or kJ/m?; § is
the thermal efficiency of the boiler (furnace), %.

x3.6 )

2.2 Datasources

Detailed information for heating in winter was shown in Table
2. In this table, the annual heat demand was calculated according
to the heating area and the heat demand per unit. The thermal
efficiency limit of the boiler referred to the standard GB/T5 106312
The rated power was calculated according to the different heating
modes, which include central heating and single household heating.

Table 2 Detail information for heating in winter

. Thermal efficiency limit/% Rated power/kW
Total heating ~ Annual heat
Households 2
area/m’ demand/GJ . . . . . . . .
Densified solid fuel boiler ~ Gas boiler =~ Wall- hanging gas furnace  Coal boiler ~ Single household  Centralized
1 100 28.8 70 86 89 65 10 /
50 5000 1438.5 80 86 89 67 500 350
100 10000 2871.0 80 86 89 71 1000 700
150 15000 4315.6 81 88 89 73 1500 1050
200 20000 5754.1 81 88 89 75 2000 1400
300 30000 8631.1 81 90 89 75 3000 2100
500 50000 14385.2 81 90 89 75 5000 3500
1000 100000 28770.4 82 90 89 75 10000 7000

Note: 1. The rated power of a single household stove is the cumulative value; 2. Thermal efficiency limit has been shown previously®”>"*3%); 3 Thermal efficiency of
straw bundle boilers and densified solid fuel referred to relevant standards of straw densified solid fuel.

The heating costs include costs for fuel, operating power and
labor, initial investment depreciation, management and profits.
The operating power and labor cost were calculated according to
the power consumption of different heating boilers and staff
salaries. The primary investment cost included the cost of the
heating boiler, purification and degusting systems, heating network,
heat dissipation system, and heat dissipation system. The
The cost of different fuels
shown in Table 3 and the data of fuel prices are obtained from the
field investigation of three counties in Hebei Province. The price
of the heating network and heat dissipation system was 15 RMB/m?

depreciation period was 15 years.

according to the investigation results. The household stoves cost
3200 RMB/household.  Management cost was 3% and the
operation management cost was 10% of operation power and labor
cost.
total cost, and that of the single household heating was excluded.
The cost of a centralized heating network was 400 RMB/m and the
distance of network was 400 m for every 50 households. The cost
of an external network of centralized gas supply network was

400 RMB/m. The transporting distance of the external network of

The profit of the centralized heating party was 10% of the

centralized heat supply and gas supply network was 480 m for
60 households (8 m/household), and the analytical distance was in
the range of 8-40 m/households.

Table 3 Calorific values and unit prices of different fuels

Fuel type LHV Units Unit price/RMB
Straw densified solid fuel 12.6 MlJ/kg 600
Baling straw 10.0 Ml/kg 400
Biogas 170 MJm’ 1
Pyrolysis gas 18.0 MJ/m® 1
Pyrolysis charcoal 21.0 MJ/kg 1 000
Fire coal 20.9 Ml/kg 1 000

Note: 1. Calorific values in table 3 are all low calorific values; 2. Fuel price is
based on the field survey of northern villages and towns in 2018, which is the
unit price of fuel in three counties of Hebei Province; 3. Calorific value of
straw bale fuel is the low calorific value of the received basis, compared
with briquette fuel, straw bales are slightly lower due to different moisture
content.

3 Results

3.1 Cost analysis of different heat supply modes

As shown in Figure 3, the cost of centralized heating decreased
as the number of heating households increased. When the number
of heating households increased from 50 to 200, the cost decreased
significantly. Compared with 50 households, the heating cost of
baling straw of 200 households can be reduced by 13%, from
2632.0 RMB/household to 2293.7 RMB/household. The heating
cost of straw densified solid fuel can be reduced by 11%, from
2893.0 RMB/household to 2566.2 RMB/household. Under the
modes of biogas and pyrolysis gas for centralized heating, the
heating cost can be reduced by about 9%. Under the modes of
biogas and pyrolysis gas decreased the heating cost can be reduced
by about 6%.

_ 3200 p__
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=
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§ 2400 |-
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e 2000
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21600
B = Spel Schar = -------- Scoal
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= Cpyroheat Chiogas Cpyrogas
L=}
=
00 L L L L L L L L )
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Number of houscholds

Figure 3 Total annual heating cost

The heating cost of households larger than 200 reduced slowly.
Based on the heating cost, for a single household, it is
recommended to adopt the straw densified solid fuel/carbon for
heating.

As shown in Figure 4a, for straw baling, the cost of centralized
heating was equal to that of the single household heating when the
number of households was 50. For the other heat supply modes,
the cost of single household heating was lower than that of the
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centralized heating.  Among them, the cost of the single
household heating with straw densified solid fuel was the lowest.
The total heating cost of single household heating with straw
densified solid fuel and pyrolysis carbon was 2346 RMB/household
and 2390 RMB/household, respectively. For these two heat
supply modes, the cost was reduced by about 8.0% and 6.3%
compared with traditional coal combustion, respectively. The
costs of baling straw combustion, straw densified solid fuel
combustion, biogas combustion, pyrolysis gas combustion for
heating, biogas supply, pyrolysis gas supply were 2632
RMB/household, 2893 RMB/household, 2985 RMB/household,
2865 RMB/household, 3174 RMB/household and 3057
RMB/household, respectively (the distance of network was
8 m/household).

As displayed in Figure 4b, the cost of centralized heating was
equal to that of single household heating when the number of
households was 200. The cost of centralized gas supply was
higher than other heat supply modes, followed by gas centralized
heating and straw densified solid fuel centralized heating. The
cost of baling straw centralized heating was the lowest. The
total heating cost of centralized heating with straw baling, straw
densified solid fuel, biogas, pyrolysis gas, biogas supply, and
pyrolysis gas supply were 2294 RMB/household, 2566
RMB/household, 2728 RMB/household, 2611 RMB/household,
2992 RMB/household, and 2876 RMB/household (the distance
between households was 8 m).
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Figure 4 Costs of different heat supply modes

The fuel cost of single household heating was the highest,
accounting for about 83% of the total heating cost. For
centralized heating, the fuel cost was unchanged with the number
of households increased, but the fuel cost proportion in the total
cast increased. Fuel cost of 200 households accounts for

61%-70% of the total heating cost, and fuel cost accounting for
55%-65% of the total cost when the number of households was 50.
The fuel cost of 200 households increased by 5%-6% compared
with 50 households. The depreciation cost of single household
heating accounts for 13% of the total heating cost. With the
increase of the heating scale, the depreciation cost of centralized
heating reduced, and the depreciation cost of gas supply mode was
higher than that of other heating modes, accounting for about 22%
of the total cost. The depreciation cost of centralized heating for
200 households and 50 households accounted for 14%-16% and
15%-19%, respectively.
3.2 Cost of the primary investment cost

Primary investment of the centralized heat supply modes
included the costs of the boiler, dust removal and purification
system, heating network, and radiator. For the centralized gas
supply, primary investment included a centralized gas supply
network and gas heating (wall-mounted) furnace. As shown in
Figure 5, the primary investment of baling straw, straw densified
solid fuel, biogas and pyrolysis gas centralized heating mode
decreased when the number of households increased.

8000 g
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Figure 5 Initial investment cost of different heat supply modes

Primary investment reduced quickly the number of heating
When the number of
heating households was 200, the primary investment of centralized

households increased from 50 to 200.

heating with baling straw and straw densified solid fuel reduced
15% compared with that of 50 households. The primary
investment of centralized heating with biogas and pyrolysis gas for
200 households was reduced by 5%. Primary investment reduced
slowly as the number of households more than 200. The primary
investment of centralized gas supply with biogas and pyrolysis did
not change with household number increased, and the maximum
primary investment cost was 7900 RMB/household.

The distance of the network for the above researches was 8
m/household, and the network distance significantly affects the
investment cost, which in turn affects the total heating cost.
Primary investment and the total heating cost significantly
increased as the distance of the network increased. As shown in
Figure 6a. When the network distance was between 8 m to 40 m,
the total annual heating cost increased 43 RMB/household for the
Taking 200 households as an
example, when the distance of network was 20 m, the total

increase in distance by 1 m.

investment of the heating cost increased about 17% to 22%, and the
primary investment accounts for 21% to 24% of the total heating
cost. The total cost for the centralized heating with baling straw,
straw densified solid fuel, biogas, pyrolysis gas was 2804
RMB/household, 3077 RMB/household, 3238 RMB/household and
3121 RMB/household, respectively. The total costs of biogas
centralized supply and pyrolysis gas supply heating were
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3503 RMB/household and 3386 RMB/household, as shown in
Figure 6b. When the average distance of the network was 30 m,
the average primary investment increased 32%-41%, accounting
for 25%-30% of the total heating cost. When the average distance
of the network was 40 m, the average primary investment increased
46%-60%, accounting for 29%-32% of the total heating cost.
Considering the heating cost, it was not appropriate to choose a
centralized heating mode when the average distance of the network
was more than 27 m, instead, it was better to adopt the single
household heating.
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Figure 6 Influence of pipe network distance on heating cost

3.3 Annual cost of the heat supply operation

The annual costs for the heat operation of centralized heating
decreased with the number of heating houscholds increased.
When the number of households between 50 and 200, annual
heating operation cost reduced quickly. The annual heating
operation cost reduced slowly as the number of households more
than 200, as shown in Figure 7.
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Figure 7 Influence of the number of heating households on the
annual cost of heat supply

As shown in Figure 8, the average distance of network was 8 m,
taking the size of 50 households as an example, the annual heating

operation cost of single household heating with straw densified
solid fuel and pyrolysis carbon mode were 2046 RMB/household
and 2090 RMB/household, respectively, which were 9.1% and
7.2% lower that of traditional coal combustion. The annual
heating operation cost of the centralized heating with baling straw,
straw densified solid fuel, biogas, and pyrolysis gas were 2189
RMB/household, 2471 RMB/household, 2632 RMB/household,
and 2512 RMB/household, respectively. For biogas and pyrolysis
gas centralized supply, the annual heating operation costs were
2647 RMB/household and 2531 RMB/household, respectively.
Taking 200 households as an example, the annual heating operation
costs of centralized heating with baling straw, straw densified solid
fuel, biogas and pyrolysis gas were 1923 RMB/household, 2209
RMB/household, 2391 RMB/household, and 2274 RMB/household,
respectively. For biogas and pyrolysis gas centralized supply
heating, the annual heating operation costs were 2466
RMB/household and 2349 RMB/household. The annual heating
operation cost increased with the increase in the network distance,
which is mainly because of the increase in maintenance and
operation costs.
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Figure 8 Influence of pipe network distance on the annual heating
operation cost

3.4 Further discussion

At present, the distribution network, natural gas network and
heating network in the northern rural area has not been fully
developed. The capacity of the rural household distribution
network was still low, the average capacity of the household power
grid line was 2-3 kW, but it requires 9-10 kW for electric heating in
winter. Although some parts of the rural area have reserved gas
supply ports, it is difficult to implement gas heating. At the same
time, the cost of the natural gas heating was high®®”, and the
seasonal peak shaving capacity of supply was insufficient, which
was difficult to meet the demand. There was still a certain gap
between the application of “coal to electricity” and “coal to gas” in
vast rural areas. The northern rural still need to identify the
feasible clean heating route based on local resource endowments,
habits, economic capabilities and
application of straw clean heating technology can supplement the
energy demand for clean heat supply®.

The straw clean heating technology has the advantages of
abundant straw resources, negligible SO, emissions, low CO, NO,
particulate matter and solid ash emissions.

infrastructurel*®), The

It can replace coal,
natural gas and other primary energy sources, and effectively
improve the living and atmospheric environment in rural areas.



September, 2020

Huo L L, etal. Evaluation of different clean heat supply modes based on crop straws in the rural area of Northern China

Vol. 13No.5 215

The existing research introduced the straw clean heating modes, but
all of them are aimed at the analysis of a single technical mode,
therefore a lack of systematic analysis of different modes regarding
technical feasibility and application suitability.  The energy
provided by the popularization and application of straw clean
heating technology equal to 1.1-1.3 t standard coal for every
household, which can reduce the emissions of CO,, SO,, NO, and
PM by 2884-3625 kg, 9.3-11.8 kg, 8.1-10.2 kg, and 740-940 kg,
respectively.

3.4.1 Suitability of application for different modes

The single-household heating with straw densified solid fuel
and pyrolytic carbon has advantages including convenient storage
and transportation, high combustion -efficiency, low energy
consumption and low NO, and PM emissions. However, the
disadvantage of the single household heating was the emission
control, for which the total cumulative pollutant emission was
higher than that of centralized heating or gas supply mode.
Therefore, single-household heating was suitable for small-scale,
villages, towns, and small agricultural parks.

The PM, NO,, and SO, emissions of the centralized heating
mode with straw densified solid fuel or baling straw can meet the
requirements of environmental protection as there is the gas
purification system. The operating cost and energy consumption
of these modes were low. Therefore, these modes were suitable
for villages and communities which has a general level of
economic development, moderate scale, concentrated population,
as well as large and medium-sized facilities agricultural parks. It
is necessary to pay attention to the storage safety of the fuel, and
fire protection, moisture-proof and rain-proof, especially the baling
straws which requires large space for storage.

The centralized heating mode with biogas and pyrolysis gas
was suitable for villages, communities and parks with a general
level of economic development, moderate scale, and concentrated
population. The cost of biogas or pyrolysis gas centralized supply
mode was high based on the results from the traditional calculation.
However, the heating time of these modes can be controlled, which
can effectively reduce heating operation costs. These modes were
suitable for communities and parks with a higher level of economic
development, better infrastructure, and a larger population, which
can also solve the fuel demand for cooking and hot water. These
modes could reduce investment and operation costs. But it is
necessary to reduce the distance of the network according to local
conditions and control the investment cost.

3.42 Cost of the centralized heating system

Since the distance of the network was long in the village as the
building in rural areas was scattered, therefore the cost of these
clean heating mode based on straw was high®. This caused
unacceptability and difficulty of marketization. The clean heating
based on straw required financial support from the government, for
example, corresponding subsidy policy for rural clean heating to
ensure the implementation and sustainable development of rural
clean heating projectst*®.

As shown in Table 4, the cost of centralized heating with coal
was 2500 RMB/houschold (25 RMB/m?). The distance of the
network should be within 15 m, 9 m, 7 m, and 7 m for baling straw,
straw densified solid fuel, biogas and pyrolysis gas centralized
heating mode if the users do not want to pay much more than coal.
The biogas and pyrolysis gas centralized supply mode do not suit
for rural areas because these modes cost too high. If the heating
cost reaches developed cities, such as Beijing, the cost can reach
3000 RMB/houschold (30 RMB/m?), the distance of the network of

centralized heating with baling straw, straw densified solid fuel,
biogas and pyrolysis gas should be less than 27 m, 21 m, 18 m, and
18 m, respectively. The distance of the network for biogas and
pyrolysis gas centralized supply heating should be less than 12 m.

The cost of the user included annual heating operation cost, as
well as one-time investment depreciation cost for the network and
radiator (wall-hanging stove), and does include one-time
investment depreciation fees for dust removal, purification systems
and the gas supply network. The cost of centralized heating
reduced as the number of households increased. Centralized
heating was not suitable for the number of households less than
200 based on the authors’ research. As shown in Table 5, a
comparison of several types of central heating modes with
500 households and 200 households, the cost of gas heating mode
did not change significantly, and the cost of other heating modes
can be lower by about 3%. The heating cost ranged from 1856 to
2466 RMB/household as the number of households was between
200 and 500 and the average distance of the network was 8 m.
The cost of the centralized heating with baling straw was the lowest,
while the cost of biogas and pyrolysis gas centralized heating
modes were the highest.

The cost of the boiler, dust removal and purification system for
the centralized heating or gas supply network was 3000-
4050 RMB/household, and the depreciation cost accounts for
7%-12% of the total heating cost. The investment increased
645 RMB/household as the distance increased by one meter. The
results suggested that in view of the above cost analysis for heat
supply in Northern China, the corresponding subsidy policies
should be established for boilers, dust removal and purification
systems, and the centralized heating or gas supply network.

3.4.3 Implications of the current research

The thermal insulation performance of the houses in the rural
areas was poor, therefore the existing building design and the
implementation still cannot reach the relevant energy-saving
standard, which in turn led to severe consumption of the heat.
The rural areas should pay attention to the energy-saving
transformation of the building, the construction of the passive
house, the enhancement of the automatic control capacity of the
heating system, to improve the heat efficiency of the heat supply
system. In this study, the heat index of heating is calculated using
the low value. According to the difference of heat preservation
and energy saving of the house, the actual total heating load
required in winter varied significantly™'.

Currently, the price of straw gas products was low. The
prices of biogas and pyrolysis gas will increase in the future with
the increase in the cost of the straw-based energy products, which
will directly affect the cost of gas supply. The profit of the heater
under the centralized heating mode was low, which was calculated
by 10% of the total cost. There are still many uncertainties in the
actual heating process that will affect the heating cost and
efficiencies, such as whether the straw energy products can be
sustained and stable supply, the rise of labor cost, fuel storage and
management cost.

4 Conclusions

In this study, by studying the eight kinds of heat supply modes
based on agriculture residue utilization, the results provide the basis
for selecting schemes for straw clean heating applications in rural
areas in Northern China, such as single households, natural villages,
communities and parks.

In small towns with less than 200 households and scattered
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villages and towns with pipeline network distance more than
27 m/household, the heating cost advantages of the single
household heating mode of straw densified solid fuel and pyrolysis
carbon are obvious. So it is unsuitable to choose a centralized
heating mode. The annual total heating cost of a single household
heating mode of straw densified solid fuel and pyrolysis carbon is
2346 RMB/household and 2390 RMB/household, respectively.

Amongst the centralized heating modes, the baling straw
centralized heating mode has the lowest cost and is suitable for
villages or parks with poor economic conditions. The centralized
heating mode of straw densified solid fuel, biogas and pyrolysis gas
takes second place in cost, which is suitable for popularization in
villages or parks with general economic conditions.  The
centralized gas supply mode of biogas and pyrolysis gas has the
highest cost and is suitable for popularization in villages or parks
with better economic conditions. The centralized heating scale is
200-500 households; the distance of the pipeline network is
8 m/household.  The total annual heating cost is 2201-
2992 RMB/household. The investment cost increases by about
645 RMB/household for each 1 m increase in pipeline network
distance.

The economic cost of eight kinds of straw clean heating modes
is reasonable, therefore, these modes and can be applied in villages
and towns. The average annual replacement of standard coal can
reach 1.1-1.3 t, and the average annual emission reduction of CO,
is 2884-3625 kg, SO, is 9.3-11.8 kg, NOx is 8.1-10.2 kg and
particulate matter is 740-940 kg, which has good environmental
benefits.

It is worth noticing that so far the infrastructure of clean
heating in villages and towns is still weak. It is suggested that the
investment subsidy or incentive policies should be established for
straw clean heating facilities and equipment, heating, or gas supply
network. Moreover, the application and popularization of straw
clean heating technology should be strengthened to promote the
rural energy revolution.
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