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Abstract: Optimal design of regional integrated energy systems (RIES) offers great potential for better
managing energy sources, lower costs and reducing environmental impact. To capture the transition
process from fossil fuel to renewable energy, a flexible RIES, including the traditional energy system
(TES) based on the coal and biomass based distributed energy system (BDES), was designed to meet a
regional multiple energy demand. In this paper, we analyze multiple scenarios based on a new rural
community in Dalian (China) to capture the relationship among the energy supply cost, increased
share of biomass, system configuration transformation, and renewable subsidy according to regional
CO2 emission abatement control targets. A mixed integer linear programming (MILP) model was
developed to find the optimal solutions. The results indicated that a 40.58% increase in the share of
biomass in the RIES was the most cost-effective way as compared to the separate TES and BDES.
Based on the RIES with minimal cost, by setting a CO2 emission reduction control within 40%, the
RIES could ensure a competitive total annual cost as compared to the TES. In addition, when the
reduction control exceeds 40%, a subsidy of 53.83 to 261.26 RMB/t of biomass would be needed to
cover the extra cost to further increase the share of biomass resource and decrease the CO2 emission.

Keywords: regional integrated energy system; energy system transition; CO2 emission abatement
control; biomass distributed energy system; mixed integer linear programming; renewable en-
ergy subsidy

1. Introduction

The increasing greenhouse gas emissions and declining fossil fuel reserves have
highlighted the need for a sustainable energy transition. Currently, a majority of the global
final energy consumption is still provided by carbon-intensive fossil fuels [1], while less
than 20% is provided by renewable energy sources [2]. Compared with fossil-fired TESs,
uncompetitive cost and insufficient policy support hinder the increasingly uptake of most of
renewable energy technologies, especially in the heating and cooling sector [3,4]. Therefore,
the transition from fossil fuels to renewable energy is not a one-step process. Both optimal
integration of various energy resources and technologies and effective renewable policies
are conductive to reduce the investment of renewable energy and achieve low carbon
development.

The current studies on renewable energy transition are mainly focused on national
or regional level energy planning and low-carbon policy making [5–8]. This transition
planning is usually lacking in feasibility and enforceability when applied to specific areas.
In addition, renewable energy transition triggering huge investment and a pathway with
lower costs has not been solved in the current studies [9]. Energy resources replacement,
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energy system transition, transition cost and energy demand need to be considered when
formulating a specific energy transition plan. To facilitate renewable energy transition and
reduce investment cost, the regional integrated energy system (RIES) was proposed to
dispatch various energy sources, integrates various energy systems, and couples different
energy terminals on the demand side [10–12]. The current studies on RIES design are
mainly focused on the integration of multiple renewable energy and technologies. For
example, Barun et al. [13] conducted techno-economic and environmental assessment
of a hybrid solar, wind, biogas with vanadium redox flow battery-based system in a
remote Island in Bangladesh. A life cycle assessment methodology was proposed by Salim
and Reddy [14] to assess the environmental externalities of an integrated energy system
including solar PV systems, a CHP (Combined heat and power) plant and centrifugal
chillers in a large university campus in Arizona, United States. A sequential LP algorithm
was proposed and developed by Vaccari et al. [15] for economic optimization of hybrid
renewable energy systems combining photovoltaic arrays, wind turbine, biomass fuel
generators, with back-up units.

In terms of fossil-to-renewable energy transition, numerous renewable energy re-
sources and low-carbon technologies could be used to substitute fossil energy. For example,
studies on solar energy [16,17], wind energy [18,19], marine energy [20,21], hydropower
energy [22–24], and biomass energy [25–29]. However, solar and wind energy highly de-
pend on weather conditions, while hydropower and marine energy generate energy with
geographical restrictions [30]. Compared with other renewable sources, biomass is a cheap,
high stable, and sufficiently available fuel, accounting for 10–14% of global primary energy
supply [31], and thus has become an attractive option to substitute fossil fuels. The carbon
neutral circular framework showed that utilization of biomass energy as an alternative
for traditional fossil fuels results in reducing CO2 emissions [32]. Biomass distributed
energy systems (BDESs) are proven to be efficient, highly flexible, and eco-friendly ways to
utilize biomass resources, which are recognized to be a beneficial alternative to centralized
TESs [33]. BDESs can be used in small (<1 MW), medium (1–10 MW), and large scale
(>10 MW) [34,35], but face impediments to large-scale centralized deployment as biomass
straw is a dispersed fuel with relatively low energy density and high transportation costs
as compared to fossil fuels (e.g., coal, oil and gas) [36,37]. Biomass resources (e.g., straw)
can be transformed into multiple forms of high-quality energy like gaseous fuel, electricity,
heating, cooling to meet the diverse energy demands of different users by BDESs. In China,
the annual output of biomass straw is approximately 800 million tons, accounting for
almost 50% of the total biomass resources [38]. However, the utilization ratio of straw is
only 30%, and biomass straw after treatment only accounted for 2.6% [39]. Biomass are
plentiful in rural areas. In recent years, China’s rapid urbanization and economic growth
has led to the construction of rural communities. At present, more than 30% of rural areas
have carried out new rural community construction [40], and more are being constructed.
Investment in biomass-related technologies has broad market appeal and helps in the
utilization of local biomass resources [41].

Although optimal design of BDES can facilitate cost reduction to a certain extent, they
are far from enough to achieve a competitive cost as compared to the TESs. The profit-
driven energy supply companies are playing a key role in driving renewable technologies
deployment, and they will not take the initiative to deploy them. The current TESs will not
be completely replaced in the short term due to their higher economic benefits and their
ability to provide a stable energy supply. A successful transition from TESs to renewables
is a step-by-step progress, and adaptive energy portfolio policies should be formulated
to promote sustainable development and mitigate CO2 emission. Command-and-control
policies and market-based policies are two common environmental ways to promote
renewable capacity expansion and reduce emission reduction [42]. Mandatory emission
control policies can ensure that the emissions are within specific limits [43], while market-
based policies (e.g., renewable subsidies) can motivate the energy supply companies to
innovate [44]. However, policy adoption has different effects on countries with different



Energies 2021, 14, 2879 3 of 25

income levels. The share of renewable energy utilization is relatively high in high income
European countries, but dismal in low-and middle-income countries [2,45]. Therefore, by
optimizing the design of portfolio environmental policies that consider the current status
of energy utilization, available renewable resources, cost competitiveness, and multiple
energy demands to adapt to regional economic development level is the key to facilitate
the transition to a more sustainable energy system.

Currently, many researchers have conducted tech-economic analysis and optimization
of BDESs. However, the BDESs are still in a pilot-scale demonstration as the technologies
are still not economically competitive with fossil-fired TESs. Despite the maximum CO2
emission reduction benefits can be achieved, high technology costs remain the biggest
obstacle to reach a high level of biomass penetration rate. How to determine the most
practical and cost-competitive rote to progress on the fossil-to-biomass energy transition
is the focus of this paper. A successful transition from TESs, based on fossil fuels to
energy systems based on biomass is a step-by-step process, which requires effective system
integration and suitable energy portfolio policies. Based on the studies mentioned above,
the current study aimed at designing new RIESs combining TES with BDES, clarifying
the suitable CO2 reduction and subsidy policies that utilize fossil fuels and biomass in a
flexible and affordable manner before reaching the large-scale commercialization stage.

The main contributions of this paper are:
The TES and BDES were integrated into a RIES to study the energy supply transition

process under different levels of CO2 emission abatement control policies.
A reasonable trade-off between costs and the CO2 emission reduction policies of RIESs

can be achieved by using mixed integer linear optimization.
A case study in Dalian (China) was conducted to capture the relationship among CO2

emission abatement control, energy supply cost, local fiscal subsidy and the increased share
of biomass.

The remainder of this paper is organized as follows: Section 2 introduces the proposed
RIES system. Section 3 constructs the mathematical model and its corresponding solution
process. The numerical examples and optimization results are discussed in Section 4.
Finally, Section 5 concludes the paper and highlights the findings based on the case study.

2. System Description

This paper selected a new rural community in Dalian, China as a case study. Energy
consumption in Dalian mainly includes coal, natural gas, fuel oil, wind energy, nuclear
energy and biomass. The current energy consumption structure is mainly based on coal,
while renewable energy only accounts for a small proportion. The study site covers a total
area of 29 km2, including 12.56 km2 arable land and 4.51 km2 woodland, and is rich in
agricultural biomass resources. The community includes 500 households and a residential
population of 1290. The primary energy demands consist of electricity, space heating, space
cooling, hot water and cooking gas. Considering the pattern of local resource distribution
and energy demand characteristics, a RIES was constructed to meet the selected residential
user load, as shown in Figure 1. The RIES consists of two parts: a TES and a BDES. The TES
is mainly coal-fired, including public grid, boilers, electricity chillers and heat exchanger.
Due to the support of national policies, biomass straw gasification system is also used in
the TES to meet the residents’ cooking gas demand [46]. The BDES employs gasification
system, internal combustion engines, heating recovery system, gas boilers, absorption
chillers and heat exchanger. The public grid and electricity chillers that belong to the
traditional part will also be adopted as supplements in the BDES. In TES and BDES, there
are overlaps in energy consumption and some devices, which will be discussed in the
following scenario analysis.
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Figure 1. Schematic diagram of the proposed RIES.

The separate TES and BDES have different operating strategies from mixed RIES:
In the TES, the devices run independently. The electricity load is supplied by the

public grid. The coal-fired boilers and heat exchangers provide the heating load, while the
electricity chillers provide the cooling load. The syngas from gasification system is used to
cook. The energy consumption is mainly coal, and biomass only accounts for a small part.

In the BDES, the syngas produced by gasification system is supplied to internal
combustion engines, gas boilers and cooking gas load. The internal combustion engines
provide electricity load, while the public grid is used as a supplement. The waste heat from
heating recovery system supply the heating load in priority, and gas boilers will be turned
on when the load cannot be met. In addition, the cooling converted by absorption chillers
is prioritized for cooling. Electric chillers are used to fill the shortfall. The BDES mainly
consumes biomass, and coal is only used as a supplement.

The CIES is the integration of the TES and the BDES. The proportion of installed capac-
ity of TES and BDES, equipment operation strategy and energy consumption composition
are obtained through optimization and controlled by emission reduction constraints.

3. Optimization Model
3.1. Objective Function

To consider economic factors in applying RIESs, the minimum total annual cost is
used as the optimization objective. The objective function is formulated as follows:

Min TAC = TCFuel + TCGrid + TCEq + TCO&M − TCSubsidy (1)
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where TCFuel is fuel acquisition cost, TCGrid is electricity purchase cost from grid, TCEq
is equipment investment cost, TCO&M is operation maintenance cost, and TCSubsidy is
renewable energy subsidy.

3.1.1. Fuel Cost

Coal and biomass straw are used as fuel in the RIESs. Coal used for coal-fired boilers
is directly purchased from the local market. The annual coal purchase cost is represented
as follows:

TCCoal = PCoal × FCoal (2)

where PCoal is the unit coal purchase cost, and FCoal is the annual coal consumption.
The biomass acquisition cost was modelled using supply chain cost of biomass and

biogas as in [47]. The biomass acquisition cost is formulated as Equation (3), in which stalk
purchase cost, collection cost, transportation cost, pretreatment cost and storage cost are
considered.

TCBiomass = TCPurchase + TCCollection + TCTransport + TCStorage + TCPretreat (3)

TCPurchase = PBiomass × FBiomass
TCCollection = PCollection × FBiomass

TCTransport =
2π∫
0

∫ R
0 αr2βPTransportdrdθ = 2

3 F1.5
Biomass × β× PTransport × (π × α)−0.5

R =
√

FBiomass
π×α

α = ∑
m∈M

ε× λm ×Ym × Gm × µm

TCPretreat = PPretreat × FBiomass
TCstorage = Pstorage × FBiomass × ∆t

(4)

where TCPurchase refers to the biomass purchase cost incurred by the production enterprise
in acquiring straw from farmers or grass traders, TCCollection is the biomass collection cost
resulting from straw crushing, compressing and packaging process in the collection stage,
TCTransport is the straw transportation cost, TCPretreat and TCstorage represent the biomass
pretreatment cost and storage cost, respectively.

3.1.2. Electricity Purchase Cost

The grid electricity purchase cost is related to local grid electricity tariff and grid
electricity consumption, as shown in Equation (11).

TCGrid = ∑
t∈T

GTt × eGrid,t (5)

where GT is the local grid electricity tariff, and eGrid is the grid electricity consumption.

3.1.3. Equipment Cost

Equipment investment cost consists of two parts, including equipment capital and in-
stallation cost, and operation and maintenance cost. The equipment capital and installation
cost can be calculated in Equation (12).

TCEq = ∑
i∈I

∑
ji∈Ji

CRFi × EPi,ji × ni,ji × Capi,ji (6)

where CRF is the equipment capital recovery factor, EP is the unit capital price, n is the
equipment selected number, Cap is the selected capacity, i is the equipment type, and ji is
the capacity of the ith equipment.
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The capital recovery factor is related to equipment service life and interest rate, which
can be calculated as follows:

CRFi =
ir× (1 + ir)li

(1 + ir)li − 1
(7)

where ir is the interest rate, and l is the equipment lifetime.
The equipment operation and maintenance cost is related to the equipment energy

output, which is calculated in Equation (14).

TCO&M = ∑
t∈T

∑
i∈I

∑
ji∈Ji

VCj × xt,i,ji (8)

where VC is the unit operation and maintenance cost, and x is the equipment energy output.

3.1.4. Renewable Energy Subsidy

In this paper, the amount of biomass straw used is subsidized. When the total annual
cost of RIES is lower than of the TES, the subsidy is set to 0. When the cost exceeds TES, a
subsidy is set to cover the excess cost.

TCSubsidy = PSubsidy × FBiomass (9)

where PSubsidy is the unit straw consumption subsidy.

3.2. Constraint Function

The constraints include equipment operation constraints, energy balance constraints,
local biomass constraints, local CO2 emission reduction constraints.

3.2.1. Equipment Operation Constraints

The equipment to be optimized is selected from the given device sequence. If one
type of equipment is selected, the selected number should be larger than or equal to 1 and
cannot exceeds the specified maximum value. The number of alternative equipment is
restricted as follows [48]:

ci,ji ≤ ni,ji ≤ ci,ji × Ni,ji ,max∀i ∈ I, ji ∈ Ji (10)

where c is a binary variable used to determine whether the equipment is selected, n is
the number of the selected equipment, and N is the maximum number of the optional
equipment.

To ensure the safe operation of the selected equipment, it is necessary to set the on-off
coefficient. Then, the equipment energy output is limited within the upper and lower
bounds. The operation constraints are as follows:

dt,i,ji ≤ ni,ji ∀t ∈ T, i ∈ I, ji ∈ Ji (11)

∑
ji∈Ji

δi,ji ,min × Capi,ji × ci,ji × dt,i,ji ≤ xt,i,ji ,k ≤∑
ji∈Ji

δi,ji ,max × Capi,ji × ci,ji × dt,i,ji ∀k ∈ K (12)

where d is an integer variable indicating the number of devices in operation, and δ is the
on-off coefficient.

The gas yield, LHV and gasification efficiency are mainly considered in the gasification
process [49]. The syngas output for gasification system is calculated in Equation (13):

vSyngas,GS,jGS ,t = fBiomass,GS,jGS ,t × ηbiomass−syngas (13)

The relationship between gas yield and gasification efficiency can be expressed as follows:

ηbiomass−syngas,jGS = ηGS,jGS × LHVBiomass/LHVSyngas (14)
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The electricity output of ICEs can be calculated based on syngas consumption and
electricity efficiency, which is estimated as follows [48]:

xelectricity,ICE,jICE ,t = xsyngas,ICE,jICE ,t × ηICE,jICE ,t (15)

The output energy of heat recovery system can be estimated in Equation (16):

xheating,HRS,t = ∑
jICE∈JICE

xsyngas,ICE,jICE ,t × (1− ηICE,jICE ,t)× ηHRS (16)

The thermal output of gas boilers can be calculated based on syngas consumption and
gas boiler efficiency, which is estimated as follows [50]:

xheating,GB,t = ∑
jGB∈JGB

xsyngas,GB,jGB ,tηGB,jGB (17)

Similar to the gas boiler, the thermal output of coal boiler can be calculated in Equation (18):

xheating,CB,t = ∑
jCB∈JCB

xcoal,CB,jCB ,tηCB,jCB (18)

The relationship between the electricity consumed by the electric chiller and the
cooling output is shown in Equation (19) [51]:

xcooling,EC,t = ∑
jEC∈JEC

xelectricity,EC,jEC ,tCOPEC (19)

The cooling output of absorption chiller is calculated in Equation (20):

xcooling,AC,t = ∑
jAC∈JAC

xheating,AC,jAC ,tCOPAC (20)

3.2.2. Energy Balance Constraints

Local residential energy load mainly consists of electricity, heating, cooling and cook-
ing gas. Electricity load includes lighting and electro-domestic appliances. Heating load
includes space heating and domestic hot water. Cooling load refers to space cooling. The
regional electricity demand consists of residential electricity load and electricity consumed
by electric chillers, which is provided by the internal combustion engines and public grid.

∑
i=ICE

∑
jICE∈JICE

xelectricity,i,ji ,t + eGrid,t ≥ Loadelectricity,t + ∑
i=EC

∑
jEC∈JEC

xelectricity,i,ji ,t/COPEC (21)

The regional heating demand is the sum of the residential heating load and the thermal
consumption of absorption chillers, which can be satisfied by coal boilers, gas boilers, and
heat recovery system.

∑
i∈{CB,HRS,GB}

∑
ji∈Ji

xheating,i,ji ,t ≥ ∑
i=AC

∑
jAC∈JAC

xcooling,i,ji ,t/COPAC + ∑
i=HE

∑
jHE∈JHE

xheating,i,ji ,t/ηHE (22)

∑
i=HE

∑
jHE∈JHE

xheating,i,ji ,t ≥ Loadheating,t (23)

The cooling load is met by absorption chillers and electric chillers.

∑
i∈{AC,EC}

∑
ji∈Ji

xcooling,i,ji ,t ≥ Loadcooling,t (24)

The cooking gas load is met by syngas provided by gasification system.

∑
i=GS

∑
jGS∈JGS

xcookinggas,i,ji ,t ≥ Loadcookinggas,t (25)
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3.2.3. Local Biomass Constraints

To reduce long distance transportation cost, the biomass consumed cannot exceed the
available local biomass resources.

( ∑
t∈T

∑
i∈{ICE,GB}

∑
ji∈Ji

xsyngas,i,j,t + ∑
t∈T

∑
i=GS

∑
jGS∈JGS

xcookinggas,i,j,t)× λ

1000× LHVSyngas × ηbiomass−syngas
≤ Qava

Biomass (26)

where Qava
Biomass is the available straw resources, which is calculated in Equation (27):

Qava
Biomass = ∑

m
ρm ·Qth

Biomass,m = ∑
m

ρm × Am × αm (27)

where ρ is the straw available factor, A is the local land area, and α is the biomass re-
source density.

3.2.4. CO2 Emission Reduction Constraints

CO2 emissions caused by fuel and grid electricity consumption are mainly considered
in this paper, as shown in Equation (28).

ACE = ∑
t

eGrid,t×EFGrid + FCoal × EFCoal + FBiomass × EFBiomass (28)

where EF is the CO2 emission factor.
To achieve an affordable and safe transition from traditional energy supply to the

ideal scenario of a fully renewable energy supply, the relationship between CO2 emission
reduction and economic cost is studied in different energy systems through establishing
CO2 emission constraints and energy supply scenarios. Based on the CO2 emission
under the optimal cost, the emission reduction constraints of other energy systems are
set as follows:

ACEs ≤ ACEbase(1− RE) (29)

where s is the type of energy system, and RE is CO2 emission reduction rate.

3.3. Optimization Method

The model involves large-scale integer variables, binary variables, and continuous
variables, and the objective function and constraints contain nonlinear terms. Therefore,
the model belongs to the mixed-integer nonlinear programming (MINLP). According to
Jon Lee and Sven Leyffer [52], it is challenging to deal with the MINLP problem with
nonconvex equations and discrete variables due to the high computational expense. To
resolve complex and large-scale optimization with thousands of variables and constraints,
mixed integer linear programming (MILP) is efficient because of the surety of finding a
globally optimal solution and effective commercial solvers [53,54]. In this paper, thus, the
MINLP is transformed into a MILP by linearizing the nonlinear terms in the objective
function and constraints in the model.

In the objective function, the biomass transportation cost is represented via a nonlinear
function related to biomass consumption and transportation radius. To reformulate the
transportation cost as a linear one, the piece-wise linearization method is used in view of
the transportation distance [47]. According to the radius of the resource area, the area is
divided into equidistant concentric circles. The biomass resources between the annulus
with radii rh−1 and rh can be calculated in Equation (30):

QBiomass,h =

2π∫
0

rh∫
rh−1

α× rdrdθ = α× π × (r2
h − r2

h−1) (30)
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where Qbiomass,h is the available biomass resources in the h annulus, which is used as the h
break point. The transportation distance of biomass resources in the annulus is calculated
as the outer radius of the annulus rh, multiplied by a tortuosity factor

√
2 according to

Ref. [55]. Then, a piecewise linear function of incremental cost-breaks is obtained. The
incremental transportation cost is used for a certain amount of biomass transported. The
breakpoints between each linear segment is h. The unit transportation cost between rh−1
and rh is PTransport,h. The piecewise linearization of the biomass transportation cost is
formulated as Equation (31) by introducing an auxiliary Special Ordered Sets of type 2
(SOS2) variable wh.

TCTransport = ∑
h

wh × CPh

CP0 = 0
CPh = CPh−1 + PTransport,h × (Fbiomass,h − Fbiomass,h−1)

Fbiomass,0 = 0
Fbiomass,h = Fbiomass,h−1 + Qbiomass,h

∑
h

wh = 1

Fbiomass = ∑
h

wh × Fbiomass,h

(31)

In the constraint function Equation (12), the decision variables c (binary) and d (inte-
ger) are multiplied, resulting in the generation of nonlinear constraints. To reformulate
Equation (18) as linear one, the continuous variables need to be introduced to replace the
nonlinear terms [56]. An equivalent constraint conversion is given as follows:

γt,i,ji = ci,ji × dt,i,ji
γt,i,ji ≤ ci,ji × Ni,ji ,max

dt,i,ji + Ni,ji ,max × (ci,ji − 1) ≤ γt,i,ji ≤ dt,i,ji

(32)

By using the above linearization method, the MINLP problem can be converted
into a MILP one. The MILP is modeled with Python 3.5.2 and solved with Gurobi 7.0.1
solver using branch and bound method [57]. The optimization was carried out on a
Windows sever with 128 GB of RAM and 28 Intel Xeon E5-2690v4 processors at 2.2 GHz.
Gurobi is a large-scale mathematical programming optimizer, which is capable of solving
MILP problems efficiently. Compared with similar optimizers, the speed of solving MILP
problems has a great advantage [50].

In the modeling process, the following assumptions are given: All of the equipment
in the energy system runs reliably throughout the year without failure, ignoring the time
interval during device on-off operation and load adjustment. The optimization procedure
of the MILP model is shown in Figure 2.
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Figure 2. The optimization procedure of the MILP model.

4. Case Study

In this section, we have considered a new rural community in Dalian as the target CO2
emission area to evaluate technology cost and local fiscal incentives in the coal-to-biomass
energy transition process. The case study concerns two kinds of scenarios: (1) basic scenar-
ios, and (2) CO2 emission reduction scenarios. The basic scenarios analyzed the separate
TES, BDES, and the RIES without considering CO2 emission reduction control. The transi-
tion process from TES to BDES was realized through CO2 emission reduction scenarios.
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4.1. Input Data

Model input data mainly included energy supply, conversion, and demand data.

4.1.1. Supply Side Data

Model energy supply data mainly included input energy characteristics, energy prices
and local biomass resources. The energy characteristics and energy prices are summarized
in Table 1. Input energy sources mainly consist of coal, biomass, and grid electricity. The
sample location of Dalian, is in the Bohai Rim region. Accordingly, the regional coal
price published by the local trading platform was selected as the local coal price [58,59].
The biomass acquisition price mainly includes biomass purchase price, collection price,
transportation price, pretreatment price and storage price, and these were taken from field
surveys of the “Dalian Straw Comprehensive Utilization Plan”. The cost of electricity for
residents in Dalian corresponded to the annual electricity consumption, and was obtained
from the local specific graduated power tariff as published on the website of the Dalian
Development and Reform Commission [60].

Table 1. Energy supply side characteristics and price.

Item Component Symbol Value Source

1. Fuel characteristics
Coal Low heating value LHVCoal 5000 cal/kg [59]

Biomass Low heating value
(dry and ash-free basis) LHVBiomass 18.4 MJ/kg [61]

High heating value
(dry and ash-free basis) HHVBiomass 19.7 MJ/kg [61]

Moisture content 15~20% [61]

Syngas Low heating value
(Air gasification) LHVSyngas 5 MJ/m3 [61]

2. Fuel price
Coal Bohai-Rim steam coal price PCoal 560 RMB/t [59]
Biomass Purchase price PBiomass 110 RMB/t

/
Collecting price PCollection 24 RMB/t
Transportation price PTransport 2.7 RMB/t·km
Pretreatment price PPretreat 165 RMB/t
Storage price PStorage 0.25 RMB/m3·d

3. Electricity tariff Annual electricity consumption
per household (0~2640 kWh) GT 0.5 RMB/kWh

[60]Annual electricity consumption
per household (2640~3720 kWh) 0.55 RMB/kWh

Annual electricity consumption
per household (>3720 kWh) 0.8 RMB/kWh

The scenarios of different energy systems depended on the local biomass resource
availability. The amount of local biomass straw resources was obtained from field surveys
of the “Dalian Straw Comprehensive Utilization Plan”. According to the survey results,
six types of crop straws are found locally: rice stalks, corn stalks, millet stalks, sorghum
stalks, legume stalks, and peanut straw. Among these, corn is the main crop, and the crop
area accounts for 74.80% of the total cultivated area, followed by legumes, accounting
for 13.51%. The straw collection parameters and local biomass resources are shown in
Table 2. The total quantity of local biomass resources was estimated at 5273.13 t. Corn stalk
accounts for the majority of local straw resources (85.44%).



Energies 2021, 14, 2879 12 of 25

Table 2. Local biomass resources evaluation.

Item Rice Corn Millet Sorghum Legume Peanut

Crop planting proportion (%) 8.17% 74.80% 0.68% 0.30% 13.51% 2.52%
Crop acreage (km2) 1.03 9.39 0.09 0.04 1.70 0.32
Unit area yields (t/km2) 527.40 353.05 184.44 653.01 176.77 213.13
Crop yields (t) 541.39 3316.24 15.81 24.65 299.99 67.52
Crop residue and crop yield ratio (%) 0.90 1.43 1.60 1.60 1.60 0.80
Acquirement coefficient (%) 0.83 0.95 0.85 0.90 0.56 0.70
Available resources (t) 404.42 4505.11 21.50 35.49 268.79 37.81

Available period August–
September

September–
October

August–
September

August–
September July–August August–

September

4.1.2. Energy Conversion Technology Data
Equipment Technical Parameters

The capacity of the alternate energy equipment was obtained from national standards
and the equipment manufacturer. The selected equipment life was assumed to be 20 years,
according to [50]. The technical parameters considered included equipment efficiency,
coefficient of performance and load range; data is summarized in Table 3. The data of
the optional gasification system were obtained from the manufacturer [62] and the syngas
production capacity ranged from 600 to 5000 Nm3. Due to the low investment costs and
wide capacity range (3 kW–100 MW) [35] internal combustion engine was chosen as the
power generation unit. According to the electricity load characteristics of the residents, and
referring to the nominal equipment capacity provided by the manufacturer [63], small-scale
(20 kW–1 MW) and medium-scale (1–10 MW) internal combustion engines were used as
candidates. The data on alternative boilers were obtained from national standards on hot
water boilers [64], with capacities ranging from 350 to 174,000 kW and the rated effluent
pressure ranging from 0.4 to 2.5 MPa. According to equipment data from the manufac-
turer [65], the double-effect lithium bromide absorption chillers with capacities ranging
from 350 to 6980 kW were selected. In addition, the size effect on efficiency of internal
combustion engines and boilers was considered according to [50,66,67]. For simplification,
the impact of load changes on the efficiency of the equipment was neglected, and the
efficiency of equipment was considered to be constant. In order to maintain the operational
status of the equipment, the switching coefficient was set according to [51,56,58].

Table 3. Equipment technical parameters.

Item Alternative Capacity Range Efficiency/COP Load Range Source

GS 600–5000 Nm3/h 70% - [62]
ICE 50–5030 kW 0.0175ln(CapICE) + 0.215 0.25–1 [46,51,63]
HRS - 80.0% - [68]
GB 350–174,000 kW 0.0125ln(CapGB) + 0.781 0.48–1 [64,66]
CB 350–174,000 kW 0.020ln(CapCB) + 0.596 0.6–1 [64,69]
AC 350–6980 kW 1.42 0.05–1.15 [50,56,65]
EC - 4.73 - [50]
HE - 80% - [70]

Equipment Cost Parameters

The economic parameters for the equipment in the model mainly considered the
equipment installation, operation and maintenance costs. The detailed cost parameters are
shown in Table 4.

Technical CO2 Emission Parameters

To measure impact of the energy systems on the local environment, CO2 emissions
were calculated. The CO2 emission factors of different technologies are listed in Table 5.
During the entire lifecycle, CO2 is absorbed during biomass growth and released during
combustion. Thus, the CO2 emission factor of BDESs only takes into account the indirect
emissions of fuel consumption during transportation and gasification, as proposed by [46].
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Table 4. Equipment price parameters.

Item Unit Capital Cost (RMB/kW) Unit O&M Cost (RMB/kWh) Source

GS 2500 0.0322 [46]
ICE −500.70ln(CapICE) + 8562.68 0.0558 [50]
HRS 806 0.01674 [50]
GB 620 0.01674 [50]
CB 868 0.03013 [67]
AC 1066.4 0.0062 [50]
EC 632.4 0.0093 [50]
HE 200 0.01674 [50]

Table 5. CO2 emission parameters.

Energy Sources Techniques CO2 Emission Factor Source

Coal Boiler 1878.61 g/kg [71]
Coal dominated Grid 889 g/kWh [72]
Biomass BDES 39.6 g/kg [46]

4.1.3. Energy Demand Side Data

The hourly energy load, except for the cooking gas load of residential buildings, was
simulated using DEST [73]. Residential buildings were mainly 6-story buildings with an
area of 48,246 m2 and a single floor height of 2.9 m. The hourly cooking gas load was
calculated according to the cooking gas consumption intensity from “Dalian City Gas
Special Plan” and the hourly dynamic consumption factor from the “Code for design of
city gas engineering” [74]. The peak heating, cooling, electricity and cooking gas load were
2280, 2905, 264, and 181 kW, respectively. The annual local energy load of 500 households
is shown in Figure 3.

Figure 3. Energy load of residential building.

4.2. Results and Discussion
4.2.1. Basic Scenario

The share of energy resources and system configuration will affect the economy of re-
gional energy supply system. In this section, we considered three basic scenarios including
TES, BDES and RIES to study the minimum total annual cost and make comparison.

TES scenario: energy needs are only provided by TESs;
BDES scenario: energy needs are provided by BDESs;
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RIESmin scenario: energy needs are provided by a combination of TES and BDES.
The RIESmin scenario represents the RIES with the minimum total annual cost without
considering subsidies.

Regional Energy Supply Cost Comparison

The local energy load, technology data and parameters of the energy resources were
used as inputs into the MILP model. The total annual cost and cost composition of
three basic scenarios are shown in Figure 4. Compared with TES and BDES, the RIESmin
achieved the lowest optimization cost by reducing grid electricity purchase and equipment
investment costs. Due to the lower equipment installation cost and fuel price, the TES had a
lower energy supply cost than that of BDES, but was associated with a poor load regulation
ability and environmental pollution. By using BDES, the total annual cost increased by 27%
as compared to that of the TES. The high biomass straw acquisition cost and equipment
application cost make the BDES less economical and uncompetitive. In contrast, using the
RIESmin improved the load regulation ability of the energy supply system, reduced the
total installed capacity of the equipment, and achieved superior economic performance.

Figure 4. Total annual cost (ATC, thousand RMB) and cost composition of TES, BDES and RIESmin.

System Configuration Transformation

The optimal equipment configurations of the TES, BDES, and RIESmin are compared
in Table 6, and the selected number and capacity of the specific equipment are noted
in parentheses. Among the three energy systems, the TES had the fewest equipment
installation types, with only one 600 Nm3 gasification system, one 350 kW coal boiler, three
500 kW coal boilers, and one 1050 kW coal boiler. As compared to the TES, the BDES
additionally installed two 1200 Nm3 gasification systems, one 280 kW internal combustion
engine with a 413 kW heat recovery system and one 350 kW, one 700 kW and one 1400 kW
gas boiler, and one 580 kW, and one 1740 kW absorption chiller to substitute the regional
coal-fired boilers, electric chiller, and public grid.

During the optimization of the RIESs, we observed that the optimal cost was achieved
by installing one 100 kW internal combustion engine with one 149 kW heat recovery
system, one 350 kW gas boiler, two 350 kW absorption chillers and one 1740 kW absorption
chiller. Compared with the TES, 500 kW coal boiler, 2806 kW electric chiller and partial grid
electricity were replaced. However, as compared with the BDES, the gasification system,
internal combustion engine, heat recovery system and gas boiler in the RIESmin had a lower
total installed capacity.
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Table 6. Equipment installation comparison of 500 households.

Installation
Capacity

GS ICE HRS GB CB HE AC CC

(Nm3) (kW) (kW) (kW) (kW) (kW) (kW) (kW)

TES 600 / / / 2900 2281 / 2906

(1×600)
(1×350,
3×500,

1×1050)

BDES 3000 280 413 2450 / 2281 2320 238

(1×600,
2×1200) (1×280)

(1×350,
1×700,

1×1400)

(1×580,
1×1740)

RIESmin 600 100 149 350 2400 2281 2440 100

(1×600) (1×100) (1×350)
(1×350,
2×500,

1×1050)

(2×350,
1×1740)

Optimal Equipment Operation Strategy

In order to analyze the equipment operation and energy supply, two typical days
were selected: a typical winter day and a typical summer day. The energy balance of TES,
BDES and RIESmin on typical days are shown in Figure 5. On the typical winter day, the
local residential energy needs mainly comprised of electricity, heating and cooking gas.
The electricity supply in the TES was supplied by the public grid and in the BDES by an
internal combustion engine (see Figure 5a,b). The RIESmin was powered by both the public
grid and an internal combustion engine, creating a more flexible and reliable power supply.
The internal combustion engine supplied most of the electricity load, and the public grid
was used to fill the shortfall as shown in Figure 5c. The BDES had partial power surplus in
periods 2–6 and periods 22–24, while the three systems met the electricity balance during
other periods. The heating load was relatively high during winter, and the coal boilers
operated at a higher load rate to meet the heating load in the TES (see Figure 5d), while
in the BDES and RIESmin, coal boilers and the heat recovery system worked together to
provide the winter heating load, with the coal boilers providing most of the heating supply,
and the shortfall provided by the heat recovery system as shown in Figure 5e,f. In winter,
all three energy systems could meet the heating and cooking gas balance without any loss
of energy (see Figure 5g–i).

Figure 5j–u show the energy balance for the typical summer day. Summer electricity
consumption was taken as the sum of the residents’ electricity load and the compressed
chillers’ power consumption. Compared with the BDES and RIESmin, the TES electricity
consumption was higher as only the electro-compressed chillers were equipped to pro-
vide cooling (see Figure 5j). However, the installed capacity of compressed chillers only
accounted for a small proportion of the total capacity of the BDES and RIESmin. Thus,
the resulting electricity consumption was significantly lower, as shown in Figure 5k,l. In
the RIESmin, the internal combustion engine could not meet the total electricity demand,
and the public grid provided the remaining supply. As the summer residential heating
load mainly consisted of domestic hot water, the boilers operated in a least number in all
three systems. In the TES, due to poor load-regulation of coal-fired boilers, nearly 50% of
the heating supply was wasted from period 2 to period 18 (see Figure 5m). In the BDES
and RIESmin, in addition to meeting the local heating load, the supplied heating flow was
also supplied to the absorption chillers, and thus no thermal energy was wasted. In the
BDES, the heat recovery system and gas boilers fulfilled the entire heating demand. The
heat recovery system provided the base load and the gas boilers were used during peak
load periods (period 20–24) as shown in Figure 5n. In the RIESmin, heating demand was
supplied by the coal boilers and the heat recovery system. The heating was supplied by the
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heat recovery system during most off-peak periods, while the coal boilers operated during
the 12th, 14th, 18th, and the peak periods as shown in Figure 5o. Furthermore, cooling
was provided only by compressed chiller in TES (see Figure 5p) and by the absorption
and compressed chillers in BDES and RIESmin (see Figure 5q,r). The resulting electricity
consumption by the compressed chiller was included in the electricity load. Most of the
cooling demand was met by the absorption chillers, and the shortfall was provided by the
compressed chiller in the BDES and RIESmin.

Figure 5. Energy balance on typical days: (a–i) Energy balance on typical winter day; (j–u) Energy
balance on typical summer day.
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Energy Consumption Structure Adjustment

As the coal consumption brought by grid electricity consumption was not certain, this
paper only counted the grid electricity consumption. Then, the energy consumption on
the supply side was divided into three parts: grid electricity consumption, thermal coal
consumption, and biomass consumption. In order to facilitate comparison, the energy
consumption was converted to equivalent standard coal. As is clear from Figure 6, the TES
had the least energy consumption due to the use of coal with a higher heating value and
fewer energy conversion technologies. The coal consumed by the TES was 1088.95 t, which
is equivalent to 777.84 tce accounting for 78.72% of the annual total energy consumption.
The share of grid electricity accounted for 12.5%, and biomass accounted for the smallest
share, with only 8.79%. Although the BDES can maximize the utilization of local biomass
resources, it does not reduce energy consumption. The energy consumption of the BDES
was the highest, reaching 1544.05 tce, which was 555.92 tce higher than that of the TES
and 414.82 tce higher than that of the RIESmin. In addition, the BDES only used biomass
straw as an energy source, which may lead to insufficient energy supply under extreme
climatic conditions. However, the adoption of the RIESmin could facilitate the utilization
of local biomass resources, as local straw utilization increased by 702.11 t as compared to
that under the TES. Simultaneously, the RIESmin reduced grid electricity consumption by
688.73 MWh and decreased coal consumption by 203.94 t as compared to the TES.

Figure 6. Total energy consumption (TEC, tce) and energy consumption structure of TES, BDES and
RIESmin (equivalent value).

According to the energy consumption and the CO2 emission factors, the calculated
annual CO2 emissions of TES, BDES and RIESmin are compared in Figure 7. The results
show that among the three systems, the CO2 emissions of the TES were the largest, of which
69.45% was from coal, 30.32% was from the grid electricity consumption, and only 0.22%
was from biomass consumption. The energy consumption structure, which was dominated
by coal consumption and grid power consumption, resulted in higher CO2 emissions. As
compared to the TES, the RIESmin reduced CO2 emission by 32.85% by reducing coal and
grid electricity consumption. As only biomass was used as an energy source, the BDES
reduced CO2 emissions by 96.08% as compared to the TES and by 94.16% as compared to
the RIESmin.
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Figure 7. Annual CO2 emission (ACE, t) and emission structure of TES, BDES and RIESmin.

Based on the above-mentioned analysis, the RIESmin produced less CO2 at a lower
total annual cost than the TES. Although the CO2 reduction rate was not as high as that of
the BDES, the total annual cost reduction of the RIESmin was 33.02%, making it easier to be
widely applied.

4.2.2. CO2 Emission Reduction Scenario

According to Section 4.2.1, the most cost-saving of these, the RIESmin, can reduce CO2
emissions by 32.85% as compared with the TES. However, if the CO2 emission reduction
rate continues to increase, it is necessary to increase the share of biomass and adjust
system configuration, which requires a higher investment cost. Mandatory CO2 emission
reduction regulations and adaptive subsidy policy are needed to ensure energy structure
transformation from coal to straw in the specific area. Thus, in this section, we set up
multiple emission reduction scenarios to study the trade-offs between cost-optimal and
CO2-optimal solutions. The setting of emission reduction scenario is based on the basic
scenarios in Section 4.2.1. First of all, four CO2 emission reduction scenarios based on
the RIESmin were prepared, and the annual CO2 emission reduction rate was constrained
at 20%, 40%, 60%, and 80%, which were named as RIES1, RIES2, RIES3, and RIES4,
respectively. As a supplement, the grid connected BDES scenario (BDESG) without coal
boilers was also optimized and analyzed. Additionally, the TES, BDES and RIESmin are
added to the above scenarios for comparison. The setting of the above scenarios is the
process of realizing a coal-to-straw energy transition in regional wide.

The total annual cost and unit straw consumption subsidy of different scenarios are
listed in Table 7. According to the optimization results, in all scenarios, the RIESmin had
the minimum total annual cost. In the CO2 emission reduction scenarios (RIES1–4), due
to the enhancement of regional CO2 emission reduction regulations, the total annual cost
increased as well. Moreover, when the emission reduction rate is controlled within 40%,
the total annual cost of RIESs was still cost-effective as compared to the TES. In addition,
the total annual cost of the RIESs was comparable to the cost of TES when the emission
reduction ratio was between 40% and 60%. However, when the emission reduction ratio
was set to 60% or more (scenarios RIES3, RIES4, and BDESs), the total annual cost was
higher than that of the TES due to the increased fuel and equipment costs. An incentive
of 53.83 to 261.26 RMB/t of straw is needed to subsidize energy enterprises to increase
the share of biomass. In the BDESs, the subsidy exceeded 200 RMB/t of straw, which
would bring a burden to local finance. The relationship between CO2 reduction rate and
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cost growth rate are shown in Figure 8. In all of the following systems, the CO2 emission
reduction rate obtained was greater than the cost growth rate. However, in the CO2
emission reduction scenarios (RIES1–4), the speed of CO2 reduction rate was rising faster
than that of the cost growth rate, while in the BDESs the result was the opposite. Therefore,
it can be concluded that the RIESs were cost-benefit approach to mitigate CO2 emissions.

Table 7. Annual total cost and subsidy of different scenarios.

Case
Annual Total Cost
without Subsidy

Annual Total Cost
with Subsidy

Unit Straw
Consumption Subsidy

(10 Thousand RMB) (10 Thousand RMB) (RMB/t)

TES 208.38 208.38 0.00
CIESmin 190.65 190.65 0.00
CIES1 193.57 193.57 0.00
CIES2 198.71 198.71 0.00
CIES3 220.18 208.38 53.83
CIES4 242.71 208.38 131.08
BDESG 263.79 208.38 201.39
BDES 284.64 208.38 261.26

Figure 8. CO2 reduction rate, cost growth rate and unit biomass subsidy.

Table 8 shows the changes in system configuration capacity under different scenarios.
Emission control policies helps to increase the equipment installed capacity in the BDES.
Based on the RIESmin, when the CO2 emission reduction target increased from 20% to 80%,
the installed capacity of internal combustion engines, heat recovery system, gas boilers and
absorption chillers in the BDES were increased accordingly, while the coal boilers and the
electric chiller were gradually replaced. Furthermore, the dependence of local residents
on grid electricity was greatly reduced. However, in the four CO2 emission reduction
scenarios, there was no evident correlation between the CO2 emission reduction control and
the capacity change of the absorption chiller, electric chiller, the grid power transmission.
In the RIES1–4, mainly the absorption chillers were operated to supply cooling, while the
electric chillers provided the shortfall. In the BDESG scenario, as coal boiler was removed,
a larger capacity gasification system and gas boilers were required to meet the heating
demand. In addition, grid power and coal boilers were both removed in the BDES scenario,
and thus the installed gasification system, internal combustion engine and heat recovery
system were the largest.
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Table 8. Equipment installation capacity comparison of different scenarios.

Installation Capacity
GS Grid ICE HRS GB CB HE AC EC

(Nm3) (kW) (kW) (kW) (kW) (kW) (kW) (kW) (kW)

TES 600 842 / / / 2900 2281 / 2906
RIESmin 600 264 100 149 350 2400 2281 2440 100
RIES1 600 145 150 223 350 2400 2281 2440 143
RIES2 600 206 150 223 350 2400 2281 2150 433
RIES3 1200 138 150 223 1050 1700 2281 2440 112
RIES4 1800 191 150 223 1750 1050 2281 2210 364

BDESG 2400 268 150 223 3300 / 2281 2380 169
BDES 3000 / 280 413 2450 / 2281 2320 238

According to the local residents’ energy needs, the annual energy balance of different
scenarios is shown in Figure 9. From the perspective of meeting residents’ electricity
load, the main suppliers had changed from public grid to internal combustion engines
in the gradually enhanced regional emission reduction control policies. However, in the
BDESG, the coal boilers were removed, more grid power was needed to fill the shortfall and
further to reduce the annual total cost; thus, the proportion of grid power consumption was
increased. Figure 9b,c showed the process of supply structure changes in meeting residents’
cooling and heating load under different scenarios. It was noteworthy that the absorption
chillers provided most of the cooling demand in CO2 emission scenarios, but there was
no obvious link between the changes in supply proportion and emission reduction. As
the cooking gas load was only supplied by gasification system, this paper analyzed the
changes of syngas consumption structure from the gasification system (see Figure 9d).

Figure 9. Annual energy balance of different scenarios: (a) Electricity balance; (b) Cooling balance;
(c) Heating balance; (d) Syngas balance.

The comparison of energy consumption structure and CO2 emissions under different
scenarios are shown in Figure 10. The results show that the RIESs (RIESmin–RIES4) and
BDESs (BDESG, BDES) consumed more energy but emitted less CO2 than the TES due to
the consumption of more biomass to replace thermal coal and grid power consumption.
The share of biomass consumption and CO2 emission reduction ratio with respect to the
TES are shown in Figure 11. In the TES scenario, biomass was only used to provide
residents with cooking gas. Thus, the share of biomass consumption was the lowest,
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accounting for only 8.79% of the total energy consumption. Based on the TES scenario, if
the regional emission control regulations were implemented, the increased share of biomass
consumption should be higher than the emission reduction control ratio by 3%~10%. In
the RIESs, the trend of increased share of biomass consumption was consistent with the
CO2 emission reduction ratio. In the RIESmin scenario, the share of biomass consumption
was 40.58%, and the CO2 emission reduction ratio was 32.85%. In RIES4 scenario, share of
biomass consumption reached 93.72%, 53.15% higher than that of the RIESmin scenario, and
the CO2 emission reduction ratio reached 86.56%, 53.71% higher than the RIESmin scenario.
In the BDESG scenario, as the grid electricity was not completely replaced, the share of
biomass consumption was 98.39% and the CO2 emission reduction ratio was 90.45%, both
slightly less than the BDES scenario. The BDESs achieved the best CO2 emission reduction
ratio as coal was completely replaced by biomass.

Figure 10. Energy consumption structure and annual CO2 emission of different scenarios.

Figure 11. CO2 emission reduction rate and biomass consumption share of different scenarios.
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5. Conclusions

This paper aimed at exploring a cost-effective approach to realize the fossil to re-
newable transformation of energy consumption structure under CO2 emission reduction
policies in a new rural community. A MILP model was developed to solve the economically
optimal design of the RIES, the optimal energy structure and renewable energy subsidy
to reach the desired emission control target without increasing the cost of energy supply
enterprise excessively. In order to analyze the transition process, the TES and BDES were
considered as reference system. Then, a range of emission reduction scenarios from TES
based on coal to energy systems based on biomass were investigated, based on which
we assessed the trend of cost increase, the change of energy consumption structure and
equipment installation combination, and the timing and scale of biomass subsidies with the
enhancement of CO2 emission reduction targets. A new rural community in Dalian, China
was studied as an emission control area, and the following conclusions can be derived from
the optimization process.

Combining the economic benefits of TES and the flexibility of BDES, the application
of RIESs (RIESmin, RIES1, RIES2) in new rural communities can reduce total annual costs
as compared to those of separate TES and BDES.

The RIESmin, which achieved the lowest total annual cost, had a 32.85% of CO2
reduction rate by a 31.79% increase in biomass consumption share as compared to the TES.
The most economical installation capacity of the internal combustion engine was up to
100 kW, with a heat recovery system of 149 kW, an absorption chiller of 2440 kW and a gas
boiler of 350 kW.

By optimizing the share of energy consumption, design and operation of the RIESs,
the CO2 emissions reduction rate obtained was higher than the growth of the paid cost.
Using TES as a reference, more than 60% of CO2 emission reduction could be obtained
without increasing excessive cost. When the desired target of CO2 emission reduction
exceeded 60%, adaptive incentives (53.83–260.26 RMB/tbiomass) would be required to cover
the excessive cost and increase the competitiveness of the RIESs.

From the perspective of share of local biomass consumption, the growth rate of
biomass consumption share was higher than the set target of the regional CO2 emission
reduction rate. Based on the CIESmin, a target of 20% emission reduction rate would lead
to a more than 50% increase in the share of local biomass consumption.

According to the current study, the introduction of BDES to the local TES could
obtain both cost reduction and CO2 emission reduction to a certain extent. However, to
further reduce emission and increase biomass penetration rate, portfolio environmental
policies (e.g., CO2 emission control policy, renewable subsidy policy) should be formulated
to promote the transition process. Besides, only biomass straw was selected as energy
resource, and other biomass resource (e.g., forest biomass, woody waste) were not included
in this paper. Future works should focus on expending the study area.
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