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Abstract 

To relieve the stress of sewage sludge (SS) disposal and effectively increase the use of renewable energy, a novel renewable-energy 
microgrid system (REMS) was developed, specifically designed to integrate a wind power plant (WPP) with energy storage and the 
SS pyrolysis process for heat and power generation. Based on a lab-scale pyrolysis experiment and 7-day numerical analysis, we 
studied the energy-recycling potential of SS and simulated the operational behaviours of REMS. According to the results, the calorific 
values of the pyrolytic gaseous and liquid products were better than those of the raw material, at 16.19 and 33.53 MJ/kg, respectively. 
The proposed REMS performed well in power supply and energy utilization with a design performance index of 99.23 when the WPP 
capacity was 200 MWe and the initial wind-energy curtailment rate was 30%. It indicates that by converting SS into flammable gas, 
condensable liquid and carbon-rich solid residue, curtailed wind energy could be saved and the synergy between wind power and the 
SS pyrolysis process enabled the proposed microgrid system to effectively utilize renewable energy and provide reliable on-demand 
power service. The REMS installed with a 155-MWe WPP achieved the optimal design in system performance, environmental benefit 
and construction cost under the initial wind-curtailment rate of 34.12%. The design scheme makes REMS capable of satisfying the 
15.10-GWh power demand of end users and the 1700-t/day SS disposal need, and the curtailed wind energy could be reduced to zero.
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Introduction
As an inevitable solid by-product in municipal and industrial 
wastewater treatment, large volumes of sewage sludge (SS) con-
tain multiple pollutants and bacteria [1, 2]. SS production in 
China has grown by an average of 10.7% per year since 2008, with 
an annual generation of 11.75 million tons of dry matter in 2019. 
The average production of SS in the USA and EU is ~17.8 million 
tons and 9.0 million tons of dry matter per year, respectively [3]. 
Therefore, SS is considered a threat to ecosystems. Systematic 
management and disposal of SS for protecting human health 
and the environment has become a critical concern worldwide. 
Typical sanitary landfills and sludge compost are believed to pose 
long-term risks to the surrounding environment and cannot meet 
stringent disposal standards [4, 5]. In this context, thermochem-
ical conversion technologies, including incineration, pyrolysis 
and gasification, are gaining increasing attention as they convert 
non-recyclable SS waste into energy and valuable raw materials 
in environmentally safe ways [6, 7]. SS thermochemical conver-
sion not only controls pollutants but also helps alleviate climate 
issues from fossil-fuel consumption [8].

Biomass and solid-waste incineration [9], pyrolysis [10] and 
gasification [11] are feasible in distributed energy systems and 
have great potential to increase renewable energy resources 
and mitigate fossil-fuel-driven greenhouse gas (GHG) emissions 
[12–14]. Bando et al. conducted a feasibility study on a microgrid 
system integrated with a municipal waste incinerator and 
showed that the waste heat from the incinerator plant could im-
prove system reliability while avoiding resource waste at night [9]. 
Li et al. proposed a preliminary design of an independent solar-
wind-biomass pyrolysis hybrid renewable-energy system for rural 
areas and verified the good potential for profit and carbon abate-
ment [10]. Perna et al. considered the integration of waste gasifi-
cation and electric energy-storage technologies in an advanced 
renewable-energy plant with attractive electricity production and 
storage efficiency [11]. Therefore, there is sufficient evidence to 
suggest that combining waste biomass-to-energy facilities with 
renewable-energy microgrids can provide reliable power man-
agement and proper waste management. Furthermore, Bora et 
al. demonstrated that renewable source-derived biofuels have 
not only environmental benefits, but also economic advantages 
in production costs, especially when municipal SS is used as the 
raw material [15].

To couple the disposal of SS with other renewable energy 
sources, there are two main ways to use renewable energy: pre-
treatment and process driving. Mechanical dewatering of SS and 
thermal drying are prerequisites for thermochemical disposal. 
These processes consume electricity or heat, leading to high dis-
posal costs and even more GHG emissions. Renewable energy can 
power these pretreatment processes. Therefore, renewable en-
ergy is sometimes integrated as an energy source for SS drying 
in a wastewater treatment plant (WTP). Ameri et al. conducted 
a theoretical study on direct and indirect solar drying processes 
at a WTP and found that solar energy could reduce the moisture 
content of SS from 85.53 to 14.47 wt% [16]. Wang et al. developed 
a sandwich-shaped SS dryer model that worked with solar en-
ergy and mathematically simulated the efficiency of the system 
[17]. After 11 hours of continuously drying of SS with a thickness 
of 0.5 cm under artificial solar radiation at 500 W/m2, the final 
water content was reduced to 5 wt%. However, solar radiation had 
a significant impact on the drying process, so stable SS drying 
could not be guaranteed because of solar-energy instability and 
operational disruptions at night. When renewable energy is used 

for process driving, it is equivalent to storing energy in the form 
of fuel production. Many studies have investigated the integra-
tion of sludge-to-energy (StE) systems with renewable driving en-
ergy. Li et al. performed a numerical simulation of a solar-driven 
SS steam gasification system to produce syngas with a high 
hydrogen content [18]. The fluidized-bed solar gasifier converted 
solar radiation into high-temperature heat and generated syngas 
after a series of thermochemical reactions. The hydrogen yield 
and the solar-to-fuel efficiency could be adjusted by modifying 
the gasifying agent composition and irradiance. However, the 
gasifier dynamic performance, which changed with solar radi-
ation on longer timescales, was not discussed. Kokalj et al. also 
investigated the coupling of renewable power with gasification of 
SS, including gaseous product storage [19]. They calculated the 
process parameters suitable for the introduction of the gasified 
gaseous product into the natural gas supply network.

Although the technical feasibility of integrating StE technology 
and renewable energy has been tested, further research is still 
required on how to use StE to store flexible chemical energy and 
meet renewable electricity and heat supply demands. Previous 
studies have focused only on SS drying and conversion rather 
than its use as recovered energy. Furthermore, due to the heat de-
mand during drying and thermochemical conversion processes, 
the most commonly selected energy source is solar or geothermal 
energy with natural heat-generating characteristics [20]. Other 
forms of renewable energy are rarely discussed in such research 
about multi-energy systems.

As the fastest-growing renewable-energy resource in China, 
wind energy accounted for 55.40% of total renewable generation 
in 2019, with 405.7 TWh accounting for nearly 50.96% of global 
renewable energy generation [21]. Due to the high variability of 
the wind, the mismatch between power supply and demand gen-
erally requires flexible regulation solutions (e.g. energy-storage 
technologies). Unlike wind and solar energy, which are variable by 
nature, energy extracted from waste biomass can be used for con-
tinuous and stable energy and converted into electricity, heat or 
other types of energy [22, 23]. Therefore, the StE processes driven 
by wind energy can store a certain amount of curtailed wind en-
ergy by producing biofuels and provide backup energy when the 
wind power is insufficient. This approach also helps solve high-
costs problems of StE disposal problems in an eco-friendly way. 
Along with decades of development and industrial demonstra-
tion, pyrolysis is a highly versatile, advanced and economical 
waste-to-energy process [24–26]. During pyrolysis, feedstocks are 
decomposed into fractions of flammable gases, condensable li-
quids and carbon-rich solid residues [27]. These pyrolysis prod-
ucts can be used for power generation, district heating and soil 
remediation. Combining the advantages of wind energy and re-
cycling the waste energy of wastewater sludge, a novel microgrid 
system could be developed. However, the complementary mech-
anisms of the two types of renewable energy and different types 
of energy storage should be studied further.

Therefore, this study proposed a wind-energy system inte-
grated with SS disposal based on pyrolysis technology by (i) 
analysing the coupling mechanism between StE technology, 
intermittent renewable energy and energy storage and (ii) 
studying the operational flexibility and environmental benefits of 
the integrated system. To this end, SS pyrolysis experiments were 
conducted to study SS pyrolytic properties and establish an SS 
pyrolysis process model based on mass and energy balances. The 
proposed integrated system was numerically simulated using the 
Modelica language. We investigated the overall system perform-
ance and the key parametric design method. We also evaluated 

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/article/7/3/493/7147827 by C

ollege of Science Zhejiang U
niversity user on 08 N

ovem
ber 2023



Synergetic process between wind power and sewage sludge pyrolysis in a novel renewable-energy microgrid system  |  495

environmental benefits to further optimize the design. This work 
improves our understanding of the synergistic and complemen-
tary effects between the thermochemical conversion process of 
solid waste and intermittent renewable energy, especially the 
renewable energy source without the features of natural heat 
generation. Furthermore, the proposed integrated power system 
provides new ideas for the large-scale and innovative application 
of renewable energy.

1   System description
A renewable-energy microgrid system (REMS) equipped with 
a wind power plant (WPP) and SS pyrolysis process was devel-
oped for electricity generation and SS disposal. Two key energy 
sources constituted the integrated system: wind and sewage 
sludge. The total electricity demand of the proposed microgrid 
consisted of three parts: (i) the electrical load for the regional 
power supply, (ii) the drying energy consumption and (iii) the en-
ergy consumption to drive pyrolysis. The connections between 
each of the proposed microgrid system facilities are shown in 
Fig. 1. The pyrolysis liquid product (PL) was used to generate 
electricity through an internal combustion engine (ICE). And a 
heat-recovery steam generator (HRSG) was configured at the ICE 
outlet to recover the heat from the combustion gases. The com-
bined heat and power ICE (ICE-CHP) system shared the electrical 
load with the WPP. At the same time, ICE-CHP steam was trans-
ferred to the dryer where wet sludge with a moisture content 
of >80 wt% was dried to <10 wt%. An electric boiler (EB) was 
designed to convert wind power into heat for steam drying. A 
thermal energy-storage (TES) system was used to help smooth 
thermal energy fluctuations due to wind power. This could be 
any easy-to-control and low-cost TES device, e.g. sensible heat 
storage with liquid and solid heat-transfer medium. The pyr-

olysis incondensable gas (PG) augmented drying heat in the 
supplementary HRSG burner. When wind power exceeded the 
electricity demand, both PL and PG were stored in bio-oil and 
biogas storage tanks, respectively, without being involved in 
power regulation. An electricity-storage system using batteries 
regulated the electrical power. To achieve safe and flexible op-
erations with reliable on-demand power supply, a power dis-
patch and communication centre (PDCC) controlled the REMS. 
Moreover, the integrated system included backup power for SS 
pyrolysis from the utility grid, which ensured uninterrupted SS 
disposal. Pyrolytic char was utilized for soil remediation to in-
crease the system economy.

As wind power fluctuated with the wind speed and electrical 
load fluctuated with time, there were mismatches between power 
output and power load. PL and batteries improved power quality. 
The control strategies of the microgrid system are described 
below:

•	 The system was able to continuously pyrolyse a specific 
mass of SS at a steady rate every day, resulting in steady 
production rates of gas, liquid and solid products. Then, PL 
and PG were stored in the bio-oil and gas tanks at constant 
flow rates, and pyrolytic char was collected for later soil 
remediation. At the same time, the wet SS was dried at a 
constant rate to a moisture content of <10 wt% to keep the 
system running the next day. The drying power was also set 
to be constant for 24 hours.

•	 In the PDCC, a two-step energy allocation decision process 
was implemented. The first step was to determine whether 
the wind-power output matched the power load. If wind 
power was equal to the on-demand power, the ICE-CHP 
system and batteries were on standby. If wind power was 
not enough to meet the power demand, the electricity gap 

Pyrolytic liquid flow

Pyrolytic gas flow

Steam

Water

Dry sewage sludge

Wet sewage sludge
Dry sewage
sludge feeding

Soil
improvement

Internal combustion
engine

Rotary kiln

Char Liquid product
Heat recovery
steam generator

Thermal energy
storage system

Wet sewage
sludge feeding

Sewage sludge
pyrolysis process

Gas product

Electric boiler

Heat exchanger

Power generation & dispatch

Dryer

Condenser

Supplementarty burner

Generator

Flue gas

Power transmission line

Regional electricity load

Wind power plant

Batteries

Dispatch
&

communication center

M

Pyrolytic char flow

Fig. 1:  System structure of the REMS.
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was met by the ICE output and battery discharge, but the PL 
preferentially met the electricity demand. Once the wind-
power output exceeded the power demand, excess wind 
energy was stored and the ICE-CHP remained idle. In the 
second decision step, the HRSG thermal output was com-
pared to the drying-heat load. If the thermal power was 
equal to the drying power, the PG was stored at a uniform 
storage rate. When the HRSG thermal output exceeded the 
drying power, the excess heat was stored in the thermal 
storage system. When the thermal power was lower than 
the drying power and there was no thermal energy left in 
the thermal storage system, PG was introduced to the sup-
plementary burner to compensate for the insufficient heat 
output. If there was still a heat shortage for the SS dryer, 
the EB was put into operation to achieve on-demand heat.

•	 The systems gave priority to SS disposal. The aim of REMS 
was not only meet the power demand but also to improve 
the energy efficiency. If the total renewable-energy output 
did not meet the energy requirements, the needed electri-
city could be purchased from the power grid.

2   System model and assumptions
A system model was established to simulate the operational be-
haviours of each REMS device using the open-source Modelica li-

brary WindPowerPlants [28]. The system control scheme is shown 
in Fig. 2. Here, we make assumptions so as to simplify the simu-
lation study:

•	 We assumed that the response rate, capacity and charge 
and discharge frequency modes of every energy-storage 
device could be achieved through reasonable design and 
cascade configuration.

•	 The specific electrical load, wind-speed curves and SS pyr-
olysis experimental results were used to determine the 
operational behaviour. The wind power Pwind generated 
from the given wind speeds can be calculated by using 
the system model and the end-user electrical load was 
assumed to be identical every day and copied to a diur-
nal curve. The SS pyrolysis energy-transformation model 
was established according to experimental results in a 
lab-scale pyrolysis set-up. The net energy input required 
in the process was regarded as the driving energy, which 
deducted the heat dissipation from the energy input in the 
experiment and was scaled up proportionally in the REMS.

•	 When REMS electricity and heat generation were sufficient, 
the system provided good load-following.

•	 We adopted the fixed power-generation efficiency ηICE,e to 
calculate the electrical power output from the ICE-CHP. To 
avoid frequent ICE starts and stops caused by peaking op-
eration, the running time was set to last for ≥1 hour after 
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each start. Fuel was purchased since the PL may have been 
inadequate. During the running period, once the accu-
mulated PL was used up or the wind power was enough 
for the electricity supply, the ICE was turned down to the 
minimum generation. The efficiencies ηHRSG and ηEB were es-
timated for HRSG recovery heat and EB heat generation, 
respectively. Thus, total energy demand, including the elec-
trical load and SS drying and pyrolysis energy consump-
tions, led the REMS to obtain the planned power and heat 
generation, Pdemand,e and Pdemand,th.

The power gaps were calculated by the imbalance between power 
supply and demand. The power and heat gaps directly affected 
the operational decisions (charge or discharge) of each storage 
unit. Finally, we determined the actual operational REMS output 
and the performance of the system.

3   Evaluation of integrated renewable-
energy microgrid systems
3.1   System evaluation indexes
In this study, both the operational performance of the REMS and 
the impact of its configuration on the economy and the environ-
ment were the most important issues in evaluating the feasibility of 
integrating renewable-energy management with the disposal of SS.

3.1.1   System performance
The REMS-energy distribution was determined according to the 
system operation strategy and assumptions in Sections 1 and 2. 
Energy utilization and power-supply capacity could be mathem-
atically expressed as follows. First, the power demand can be cal-
culated by using Equation (1): 

Pdemand,e = Pload,e + Ppyr + PEB,e,input� (1)
where Pload,e, Ppyr and PEB,e,input are the electrical load, the pyrolytic 
driving energy and the electrical consumption, respectively. Then, 
the behaviours of the ICE and storage device can be determined by 
the power gap between the wind-power output and the demand, 
and the power gap (ΔPe) can be obtained by using Equation (2):

∆Pe = Pwind − Pdemand,e� (2)
When ΔPe is negative, ICE needs to be run to make up for the 
shortfall in power supply and smooth the power fluctuations. If 
the ICE is turned on, the expressions of electrical power are as 
follows:

PICE,e =





|∆Pe| , (∆Pe < 0, SPL > 0, PICE,e,min ≤ |∆Pe| ≤ PICE,e,max)

PICE,e,max, (∆Pe < 0, SPL > 0, PICE,e,max ≤ |∆Pe|)
PICE,e,min, (∆Pe < 0, SPL = 0)
PICE,e,min, (∆Pe > 0,TICE ≤ 1hour)

� (3)
where PICE,e is the electrical generation, and PICE,e,max and PICE,e,min rep-
resent the maximum and minimum ICE power output, respect-
ively. SPL denotes the reserve of PL and TICE denotes the running time 
of the ICE after each start. Equation (4) describes the relationship 
between the electrical power output and the consumption of PL:

PICE,e = ηICE,e
∂
(
Hfuel,PLMfuel,PL

)

∂t
, (0 ≤ PICE,e ≤ PICE,e,max)

� (4)
where ηICE,e is the efficiency of the ICE power generation, and Hfuel,PL 
and Mfuel,PL are the calorific value and mass used for power supply. 
PL shortage might occur during the 1-hour operation. When the 
PL consumption rate is higher than the production rate, add-
itional fuel purchases will be needed:

Mfuel,pur =
Hfuel,PLMfuel,PL − Hfuel,PLYPLMSS

Hfuel,pur� (5)
where YPL denotes the PL yield and MSS denotes the disposed SS 
mass. Mfuel,pur and Hfuel,pur are the mass and calorific value of the 
purchased fuel.

The heat demand Pdemand,th was determined by the energy con-
sumption Pdrying during the SS drying process. There were three 
heat sources that collectively for thermal demand: one from 
ICE heat recovery, one from the PG supplementary combustion 
(SCPG) and the last from the EB. The first two parts constituted 
the HRSG heat output. When the ICE was in operation, all the 
heat recovered from its flue gas and cooling water was trans-
ferred to the SS dryer and the TES. The difference between the 
total recovered ICE heat and the drying load was defined as the 
parameter ΔPth to make decisions on the following TES operation 
strategies and the other two heat sources. These energy relation-
ships are derived from Equations (6–8):

Pdemand,th = Pdrying� (6)

∆Pth = PICE,th − Pdemand,th� (7)

|∆Pth| =




Pcharge,TES, (∆Pth > 0)
Pcharge,TES, (∆Pth < 0, SOCTES > SOCTES,min)

PSCPG,th, (∆Pth < 0, SOCTES ≤ SOCTES,min,
0 < PSCPG,th ≤ PSCPG,th,max)

PSCPG,th + ηEBPEB,e,input,
(∆Pth < 0, SOCTES ≤ SOCTES,min,
0 < PSCPG,th = PSCPG,th,max < |∆Pth|)� (8)

where PICE,th is the recovered ICE heat. Pcharge,TES and Pdischarge,TES repre-
sent the stored and released heat. SOCTES is defined as the charge 
state of the TES system. If SOCTES = 1, the TES is fully charged, and 
if SOCTES = 0, the TES system is completely discharged. SOCTES,min 
denotes the minimum effective heat-accumulation amount, 
which means that the TES system cannot be used efficiently for 
heating when the stored heat is less than SOCTES,min. PSCPG,th is the 
heat from PG combustion in the HRSG and PSCPG,th,max represents 
the maximum value of PSFPG,th. ηEB is given as the EB efficiency.

PICE,th has a coupling relationship with the electrical generation 
of the ICE and can be calculated with the ICE and HRSG efficien-
cies:

PICE,th =
(1− ηICE,e)ηHRSGPICE,e

ηIEC,e� (9)
The SOCTES depends on the ratio of the net stored energy to the 
capacity of the TES system, which is expressed as:

SOCTES =
ETES,net
ICp,TES� (10)

The stored and released heat of each storage period can be calcu-
lated by using Equations (11) and (12):

∆Echarge,TES,j =
ˆ

Tj

Pcharge,TESdt

� (11)

∆Edischarge,TES,k =
ˆ

Tk

Pdischarge,TESdt

� (12)
where Tj and Tk represent the length of time of the j-th and k-th 
(j = 1, 2, 3, …, n and k = 1, 2, 3, …, m) storage (release) periods. 
Then the TES capacity ICp,TES is given as the maximum value of 
ΔEcharge,TES,j so that the TES system can take the recovered HRSG 
waste heat:

ICp,TES = max(∆Echarge,TES,j) =� (13)
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Taking into account the entire operational time T (T ≥ Tj), the 
total stored and released heat from the TES system can be deter-
mined as follows:

Echarge,TES =
ˆ

T

Pcharge,TESdt

� (14)

Edischarge,TES =
ˆ

T

Pdischarge,TESdt

� (15)
At moment t = tc of the operation period, ETES,net can be calcu-

lated using Equation (16):

ETES,net|t=tc = SOCTES|t=0 ICp,TES +
ˆ

tc

Pcharge,TESdt−
ˆ

tc

Pdischarge,TESdt

� (16)
If the recovered ICE heat cannot meet the drying requirement, 

PG will be used through supplementary combustion. The PG mass 
used to make up the heating gap can be calculated as follows:

Mfuel,PG =

´
T PSCPG,thdt

ηHRSGHfuel,PG� (17)
where Hfuel,PG is the calorific value.
Finally, the charge and discharge powers of the batteries can be 

calculated as in Equations (18) and (19):

Pcharge,B =





∆Pe, (∆Pe > 0, SOCB < 1)
0, (∆Pe > 0, SOCB = 1)
0, (∆Pe < 0)

� (18)

Pdischarge,B =





0, (∆Pe > 0)
0, (∆Pe < 0, PICE,e = |∆Pe| orSOCB ≤ SOCB,min)

|∆Pe| − PICE,e, (∆Pe < 0, SOCB > SOCB,min, PICE,e < |∆Pe|)� (19)
where SOCB denotes the state of charge of the batteries and 

SOCB,min denotes the minimum effective charged energy. SOCB is 
defined by Equation (20):

SOCB =
EB,net
ICp,B� (20)

where EB,net and ICp,B represent the energy left in the batteries 
at a certain moment (t = tc) and the configured battery capacity. 
EB,net can be calculated by using Equation (21):

EB,net|t=tc = SOCB|t=0 ICp,B +
ˆ

tc

Pcharge,Bdt−
ˆ

tc

Pdischarge,Bdt

� (21)
The configured battery capacity had a great influence on the 

overall energy utilization and operational safety of the integrated 
system. Capacity design optimization was required because a 
battery that is too small cannot improve power quality and re-
duce the power-supply capability, while a battery that is too large 
will increase investment and maintenance costs. The energy 
charged and discharged by batteries during each charge and dis-
charge period (Tl and Th, l = 1, 2, 3, …, p and h = 1, 2, 3, …, q) can be 
calculated by using Equations (22) and (23):

∆Echarge,B,l =
ˆ

Tl

Pcharge,Bdt

� (22)

∆Edischarge,B,h =
ˆ

Th

Pdischarge,Bdt

� (23)
On the basis of the system power demand, the minimum bat-

tery capacity configuration could be obtained using the following 
calculation method. When the total wind energy meets the elec-
tricity demand and the accumulation of charge energy is just 
enough to satisfy the accumulated discharge energy, the max-

imum ΔEdischarge,B,h value is considered the minimum configured 
battery capacity. When the total wind generation cannot meet the 
electricity demand, the maximum ΔEcharge,B,l value is the minimum 
battery capacity. In this context, the minimum capacity of the 
batteries is given as:

ICp,B,min =





max(∆Edischarge,B), (
´
T
Pwinddt ≥

´
T
Pdemand,edt, SOCB|t=0 ICp,B,min+

´
T
Pcharge,Bdt =

´
T
Pdischarge,Bdt)

max(∆Echarge,B), (
´
T
Pwinddt <

´
T
Pdemand,edt)

� (24)
It should be noted that when the total wind-energy generation 

in REMS cannot meet the EB electricity requirement, the power 
purchased from the power grid (Pgrid) will be needed. Thus, the ac-
tual electrical power output of the REMS can be calculated using 
Equation (25):

Pact,e =

®
Pdemand,e, (∆Pe ≥ 0)
Pwind + PICE,e + Pdischarge,B + Pgrid, (∆Pe < 0)

� (25)
Therefore, three key parameters for the evaluation of the 

system can be obtained, including the electricity supply comple-
tion rate (CR), the energy-utilization rate and the design perform-
ance index. The REMS CR is defined as:

δE =

´
T Pact,edt´

T Pdemand,edt
× 100 %

� (26)
The REMS-energy utilization rate can be calculated by using 

Equation (27):

δU =

´
T Pact,edt+ EB,net +

´
T Pdemand,thdt+ ETES,net´

T Pwinddt+ EStE + Epur,total + SOCTES|t=0 ICp,TES + SOCB|t=0 ICp,B
× 100 %

�
(27)

where Epur,total is the actual purchased energy caused by the 
system operational strategies. EStE is the total energy converted 
from PL and PG. Epur,total and EStE are given as:

Epur,total =
ˆ

T

Pgriddt+ Hfuel,purMfuel,pur

� (28)

EStE = Hfuel,PLMfuel,PL − Hfuel,purMfuel,pur + Hfuel,PGMfuel,PG� (29)
The design performance index assesses the REMS design 

scheme rationality:

Ω design = δEδU × 100� (30)
In a certain power demand, an excessively large design capacity 

of each unit may lead to a reduction in the energy-utilization rate. 
However, an excessively small design capacity of each unit would 
decrease the power-supply CR. The optimal REMS design can be 
obtained when the CR and the energy-utilization rate reach the 
maximum.

3.1.2   Environmental and economic benefits
Due to logistical and environmental safety concerns, SS disposal 
generally suffers from high operating costs [29]. For example, 
landfilling SS costs $75 per wet ton [30]. However, REMS enables 
the clean disposal of SS and energy reuse and forms a circular 
economy. Commonly, governments adopt financial subsidies for 
sludge disposal and biochar soil remediation also improves finan-
cial and environmental benefits. Raw SS volatiles can replace a 
considerable amount of fossil-energy resources. Integrated bat-
teries and ICE are also helpful in mitigating CO2 emissions from 
conventional coal-fired plants. The monetized social damage of 
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CO2 emissions was estimated at ~$46 per ton in 2017 [31]. Other 
GHGs, including methane, nitrous oxide and hydrofluorocarbons, 
usually convert their social costs into CO2-equivalent units in 
economic research, but this was not covered in this study due to 
research limitations. Based on the assumption of maintaining the 
energy demands of SS pyrolysis and the operational strategy of 
the system, the additional costs of CO2 emissions were a negative 
term in the environmental benefit. The monetized environmental 
value of REMS can be estimated by using Equation (31):

Cenv = Csubsidy + Csoil + Cemission� (31)
The terms Csubsidy, Csoil and Cemission define the financial SS dis-

posal subsidies, soil-remediation benefits and the monetized CO2 
emission-mitigation benefits, respectively. These terms are ex-
pressed as:

Csubsidy = csubsidyMSS� (32)

Csoil = csoilηsoilMchar� (33)

Cemission = cemissionMCO2� (34)
where csubsidy, csoil and cemission represent the SS unit mass disposal 

subsidy, the effective soil-remediation unit cost and the CO2 emis-
sions unit cost. MSS and Mchar are the masses of disposed SS and 
pyrolytic char. ηsoil is defined as the effective coefficient of pyro-
lytic char. MCO2 is the reduction in total CO2 emissions during the 
operation period and can be calculated by using Equation (35):

MCO2 = ζe

Ñˆ

T

Pdemand,edt−
ˆ

T

Pgriddt

é
−

ζfuel,pyr
∑
i

(
Hfuel,iMfuel,i

)
− ζfuel,purHfuel,purMfuel,pur

� (35)
where ζe, ζfuel,pyr and ζfuel,pur denote the CO2 emission factors per 

unit of energy consumption of electricity, pyrolytic fuels and pur-
chased fuel. The parameters Hfuel,i and Mfuel,i are the calorific value 
and mass, respectively, where the subscript i = PL and PG.

The FREMS parameter is given to demonstrate the influence of 
REMS revenue and expenditures on the system economic bene-
fits, which changes with the installed WPP capacity and wind 
speed:

FREMS = Ccons + Csell − Cpur� (36)
where Ccons consists of the construction costs of the WPP, SS 

drying and pyrolysis systems, ICE-CHP system, EB and storage de-
vices. Csell denotes the total income from the sale of electricity, 
pyrolysis fuels and pyrolytic char. Cpur represents the total expense 
of purchasing fuel and electricity from the grid for energy short-
ages. We ignored the impacts of electricity prices on the trans-
action between the microgrid and the utility grid in this study. 
However, when the power-supply CR reaches 100%, Ccons and Csell 
can be simplified as Equations (37) and (38). Because the scales of 
the pyrolysis reactor, ICE-CHP system, EB and fuel storage tanks 
are fixed and the electricity to be sold and the mass of char used 
for soil remediation are constant, the six terms do not affect the 
FREMS trends.

Ccons = cwindICp,wind + cBICp,B + cTESICp,TES� (37)

Csell = cfuel,pyr
∑
i

Hfuel,iMfuel,i,sell

� (38)
Cpur is defined as:

Cpur = cfuel,purHfuel,purMfuel,pur + ce

ˆ

T

Pgriddt

� (39)

where cwind is the capital cost of the WPP and ICp,wind is the in-
stalled WPP capacity. cB and cTES are the capital costs of the battery 
and TES systems. Mfuel,i,sell represents the redundant fuel mass i. 
cfuel,pyr and cfuel,pur represent the redundant pyrolytic fuel and the 
extra-purchased fuel prices, and ce represents the electricity price.

3.2   Case settings
3.2.1   SS pyrolysis experiment
Although SS compositions differ from one place to another and 
change over time, there are some common characteristics, such 
as high content of heavy metals, low-calorific values and charac-
teristic similarities with biomass fuel. Theoretically, the pyrolysis 
process refers to the decomposition of hydrocarbons. The SS 
properties, the composition and yield, and the mass and energy 
balances are necessary to evaluate the potential for SS recycling. 
This subsection provides detailed information from lab-scale 
pyrolytic experiments. The SS sample proximate and ultimate 
analyses are tabulated in Table 1.

SS pyrolysis experiments were conducted in a continuous 
rotary kiln reactor system developed by Tsinghua University 
and Steinbeis-Transferzentrum fuer Verfahrens-, Energie-und 
Umwelttechnik because of our good experimental equipment 
and research experience. In addition, the rotary kiln is suitable 
for the treatment of solid and liquid waste of different shapes 
and has been widely applied in mechanical, physical and chem-
ical processes with high technical maturity, simple operation 
and high controllability. The feedstock residence time can be 
easily adjusted during the slow inclined kiln rotation to ensure 
good sludge feedstock mixing and uniform pyrolytic products 
can be achieved due to good heat transfer and a wide operating 
temperature range. A schematic diagram of the continuous ro-
tary kiln reactor system was illustrated in previous work [34]. 
The key feature of the reactor system is the horizontally ar-
ranged rotary kiln reactor chamber, in which reciprocating feed 
motion can be realized by programmable special lamina control. 
Table 2 lists the experimental parameters. The final pyrolysis  

Table 1:  Characteristics of the wastewater sludge sample and 
physical properties

Parameters Value 

Mechanical dewatered SS

 � Moisture content, wt% 80

Dried SS

 � Moisture content, wt% 6.26

 � Ash, wt% 35.51

 � Volatile matter, wt% 56.86

 � Fixed carbon, wt% 1.37

 � Calorific valuea, MJ/kg 13.55

 � C, wt%, daf 33.06

 � H, wt%, daf 4.69

 � O, wt%, daf 24.83

 � N, wt%, daf 5.36

 � S, wt%, daf 0.84

Latent heat of water, kJ/kg 2090

Specific heat of water, kJ/(kg°C) 4.18

Specific heat of dried SS [32], kJ/(kg°C) 1.95

aBy the Dulong formula [33], i.e. Calorific value = 0.3383C wt% + 1.443(H 
wt% – O wt%/8) + 0.0927S wt%. daf, dry ash-free.
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temperature was set at 550℃, which can maintain a high level 
of volatile matter release [35, 36]. The feed rate was set at 1 kg/h 
with a sample size distribution of 0.02~0.04 that was fed into 
the reactor at periodic intervals. Argon gas was continuously 
pumped into the system to maintain an inert atmosphere. Argon 
was also used as the carrier gas to remove the volatile compo-
nents from the pyrolysis reactor.

3.2.2   REMS operation and performance
This subsection describes the preliminary performance of the 
REMS from a system perspective, mainly based on energy man-
agement and dispatch control. We conducted a 1-week REMS 
simulation to study the system power supply and SS disposal per-
formance, based on the wind speeds that fully demonstrate the 
randomness and volatility of the WPP.

The daily amount of SS pyrolysis in this simulation work was 
close to the yield of a coastal city of China with a permanent 
population of >9 million. The 7-day wind speed during the oper-
ation period is shown in Fig. 3, with a time interval of 10 minutes. 
To account for wind fluctuation, the WPP was set to 200 MWe, so 
the WPP maximum planned wind power could be twice as high 
as the maximum regional electrical load. The calculated planned 
wind power and the electrical load are illustrated in Fig. 4. The 
electrical load experienced a maximum peak (at 7:15 p.m.) and 
a minimum trough (at 2:45 a.m.) during each day. Analysing and 
establishing the balance of power supply and demand was es-
sential to ensure the reliability and stability of the microgrid. 
Without the aid of the energy-storage system (ESS), the energy 
exceeding the demand power was curtailed. The ratio of the cur-
tailed energy to the total available wind energy was defined as 
the curtailment rate of wind energy φcur. The initial set value of φcur 
was 30%. Under this scenario, the CR of the electricity supply (δE) 
was 88.66% and the design performance index (Ωdesign) was 62.06. A 
200-MWe WPP with an electricity-storage system was numerically 
investigated to better compare the performance of the REMS de-
sign. The wind-energy curtailment rate, CR and design perform-

ance index were 19.44%, 100% and 82.19, respectively. According 
to the matches between the planned wind power and electrical 
load in Fig. 4, the ICE and EB capacities were fixed at 50 MWe and 
40 MWt. Table 3 lists the efficiency of each unit and other REMS 
design parameters.

3.2.3   REMS initial wind-curtailment rate and WPP scale
Wind quality had a significant impact on the CR of the electricity 
supply and the wind-energy utilization rate. When the wind speed 
was quite low, the difference between electricity supply and de-
mand was large, resulting in a power shortage and a small REMS 
wind-curtailment rate. If the wind speed gradually increased, 
the matching degree between electricity supply and demand in-
creased and the power-supply CR increased accordingly. When the 
wind speed reached 8.5 m/s, the electricity supplied by the WPP 
exceeded the demand. The higher wind speeds led to a quite high 
wind-curtailment rate without any energy-storage aid. Therefore, 
the initial wind curtailment reflected the match between electri-
city supply and demand. The configured WPP capacity also in-
fluenced the system performance, i.e. the energy-utilization rate 
and the energy-supply CR. Therefore, we conducted a parametric 
study of different wind-curtailment rates and WPP scales to in-
vestigate their influence on the performance of REMS, as shown 
in Table 4. In each case, the initial curtailment rate started at 10% 
and increased to 50% in increments of 10. It should be noted that 
the initial wind-curtailment rate was limited by the WPP con-
struction scale, and the maximum wind curtailments of the four 
studied cases were 28.07%, 40.07%, 48.61% and 50%. The wind 
speed of each case was fitted with a Poisson distribution when 
under the same WPP capacity.

3.2.4   REMS environmental and economic analysis
Table 5 lists the expenses involved and equipment costs. The mon-
etization was estimated according to the definition in Subsection 
3.1.2. The reduction in CO2 emissions was also calculated com-
pared with the conventional coal-fired power plant. Normally, 
the energy-production costs decrease with the configured system 
scale, but we estimated the price of pyrolysis fuel products based 
on the fixed production cost of $9.88/GJ [37].

4   Results and discussions
4.1   Analysis of the pyrolysis experiment
In the microgrid, the PL generated electricity through the ICE 
and pyrolysis gas was used as an auxiliary fuel in the HRSG. 
We investigated the gas, liquid and solid pyrolytic products at a 
temperature of 550°C in the lab-scale SS pyrolysis apparatus. A 
schematic diagram of the energy flow of the SS pyrolysis process 
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Fig. 3:  Wind speed during the 7-day operation period.

Table 2:  Experimental conditions of the rotary kiln reactor

Parameter Value 

Length of reactor chamber, mm 760

External diameter of reactor chamber, mm 134

Final pyrolysis temperature, °C 550

Temperature of material outlet, °C 400

Pressure of reactor chamber, bar –3

Residence time of solid feedstock, min 60
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was obtained and is shown in Fig. 5. The total energy recovered 
from solid, liquid and gas products was 32 420.85 kJ, representing 
88.59% of the total input energy. The liquid product carried 2.22 
and 3.85 times more energy than the solid and gas products, 
respectively. When deducting the sensible heat loss of each 
product, the energy balance error of 7.39% was caused by mass 
loss and measurement error. The error agreed the literature [38] 
for a small test bed.

In addition, the total PG and PL amounts accounted for 48.61 
wt% of all the pyrolysis products. The calorific value of PG was 
16.19 MJ/kg and PG had better fuel properties than the raw ma-
terial. The calorific value of PL was 33.53 MJ/kg, which was much 

higher than the calorific value of the biomass pyrolysis oil product 
calorific value (19.92 MJ/kg) [39]. The results showed that PL and 
PG were suitable as alternative fuels. In addition, the relationship 
between the consumed and recovered energy during SS pyrolysis 
was applied to the REMS numerical modelling and provided de-
sign references for industrial-scale pyrolysis processes. Table 6 
lists the detailed experimental results.

4.2   Performance of the REMS system
Fig. 6 shows the relationships between wind-power output and 
the REMS power demand with a rated WPP capacity of 200 MWe 
and an initial curtailment rate of 30%. Total power demand con-
sisted of the electrical load and the electricity for SS pyrolysis and 
drying. Compared with Fig. 4, the power demand was increased 
by adding energy consumption during the pyrolysis process, and 
the input power to the EB directly addressed excess wind power, 
so more wind power generation was used, decreasing the wind-
energy curtailment rate. Thus, the simulation of the system opti-
mized the REMS-energy scheduling.

Fig. 7a shows that wind energy contributed the most electri-
city on demand and the power shortage caused by the variable 
nature of wind could be supplemented by ICE generation and dis-
charged battery energy. However, the ICE-generated electrical en-
ergy could only satisfy the electricity needs on a relatively short 
time scale (e.g., during the period from 2.4 to 3.4 days) and the 
long-time-scale power gaps (e.g. the period from 1.2 to 2.0 days) 
should be filled by the joint power supply of the ICE and batteries. 
To guarantee on-demand electricity supply, the minimum bat-
tery storage capacity was estimated to be 0.95 GWh for 7-day op-
eration. Fig. 7b shows the dispatching of the four heat sources 
for SS drying, including the recovered ICE heat, the stored heat, 
the heat supplied from PG combustion and the electrothermal 
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Fig. 4:  Daily profiles of wind power generation and the electrical load during the 7-day operation.

Table 3:  REMS design parameters

Parameters Value 

Wet SS daily disposal mass, t 1700

 � Moisture content, wt% 80

Dried SS daily production, t 362.71

 � Moisture content, wt% 6.26

Wind power plant rated capacity, MWe 200

Initial wind-energy curtailment, % 30

CR of WPP system without ESS, % 88.66

Energy-utilization rate of the WPP system without ESS, % 70

Design performance of WPP system without ESS 62.06

CR of WPP system with ESS, % 100

Energy-utilization rate of WPP system with ESS, % 82.19

Design performance of WPP system with ESS 82.19

Wind-energy curtailment rate of WPP system with ESS, % 19.44

Rated capacity of ICE, MWe 50

Power-generation efficiency of ICE, % 30

Efficiency of the heat-recovery steam generator, % 93

Rated capacity of EB, MWt 40

Efficiency of EB, % 99

Effective capacity of batteries, % 90

Effective capacity of TES system, % 90

Initial state of charge of batteries 0.5

Initial state of charge of TES system 0.5

Calorific value of purchased fuel, MJ/kg 37

Table 4:  Design parameters of the parametric study

Configured capacity 
of WPP, MWe 

Initial wind-
curtailment rate, % 

Maximum wind 
curtailment, % 

125 10/20/28.07 28.07

150 10/20/30/40/40.07 40.07

175 10/20/30/40/48.61 48.61

200 10/20/30/40/50 50

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/article/7/3/493/7147827 by C

ollege of Science Zhejiang U
niversity user on 08 N

ovem
ber 2023



502  |  Clean Energy, 2023, Vol. 7, No. 3

conversion heat from the EB. The HRSG and TES facilities collect-
ively provided >75% of the drying-heat demand. However, several 
heat gaps (<25% heat demand) still needed to be filled through 
EB electrothermal conversion. The maximum TES heat storage 
was 628.33 GJ, which ensured completely recovered excess-heat 
storage.

Fig. 8 gives the simulations of the battery operational behav-
iour. Total power demand was used as the threshold to make de-
cisions on wind-power dispatch. The excess power was charged 
into the batteries when the wind power could satisfy the re-
quirements and the power gaps were filled by the discharged 
battery power if the wind power could not meet the total power 
demand. The battery-charge state changed with the charge and 
discharge operations as shown in Fig. 8. During the specific short 
periods on the fifth and sixth days (Day 5.49–5.54, 5.55–5.57, 
5.64–5.65, 6.62–6.65, 6.66–6.69, 6.73–6.77, 6.79–6.81, 6.83–6.84, 
6.85–6.88, 6.92–6.95 and 6.99–7.00), the SOC was maintained 
at the maximum value, meaning that the batteries were fully 
charged. At that time, the excess wind power was curtailed. In 
Fig. 8b, the grey shadows within these time periods are marked 
as the curtailed wind energy caused by the storage-scale limi-
tation.

The total rate of REMS-energy utilization was quite high at 
99.23% (Table 7) and provided the energy demands for both elec-
tricity supply and SS pyrolysis. The energy loss was mainly due 
to limitations in battery capacity and the energy-conversion ef-
ficiency of each unit. Due to operational constraints, there was 
some energy left in the batteries and fuel storage tanks for 
later use. Compared with the WPP system without any flexible 

Table 5:  Unit costs of devices and fuels

Parameters Value 

Wet SS unit mass disposal subsidy, 
$/t

30

Effective soil-remediation unit 
cost, $/m2

15

Biochar effective soil-remediation 
coefficient, m2/t

670

CO2 emissions unit cost, $/t 46

CO2 emission factor per energy 
generation, t/MWh

0.97

Pyrolytic fuel CO2 emission factor 
per energy consumption, t/GJ

0.067

Purchased fuel CO2 emission factor 
per energy consumption, t/GJ

0.073

WPP capital cost, $/MWe 1 400 000

Electrochemical storage (battery) 
capital cost, $/MWh

195 000

TES capital cost, $/GJ 4170

Pyrolytic fuel price, $/GJ 9.88

Extra-purchased fuel price, $/GJ 21

Electricity price, $/MWh 80

Balance error 2653.74 kJ

Net energy consumption during
pyrolysis 10 442.00 kJ

Energy of feedstock
26 153.82 kJ

Total sensible energy loss
1521.23 kJPyrolysis

Energy of solid product
8572.95 kJ

Energy of liquid product
18 931.04 kJ

Energy of gas product
4916.86 kJ

Fig. 5:  Schematic diagram of the energy flow of the sewage sludge pyrolysis process at 550°C.

Table 6:  Sewage sludge pyrolysis results at 550°C

Parameter Value 

Total energy input, kJ 36 595.82

 � Energy of feedstock, kJ 26 153.82

  �  Feedstock mass, g 1,998.00

 � Net energy consumption during pyrolysis, kJ 10 442.00

Energy of gas product, kJ 4916.86

 � Gas-product calorific value, kJ/m3 21 386.94

 � Gas-product volume, L 229.90

 � Gas-product yield, wt% 20.35

Energy of liquid product, kJ 18 931.04

 � Liquid-product calorific value, kJ/kg 33 530.00

 � Liquid-product mass, g 564.60

 � Liquid-product yield, wt% 28.26

Energy of solid product, kJ 8572.95

 � Solid-product calorific value, kJ/kg 8350.00

 � Solid-product mass, g 1026.70

 � Solid-product yield, wt% 51.39

 � Carbon content, wt% 22.17

Total recyclable energya, kJ 32 420.85

Total energy-recovery efficiencyb, % 88.59

Useable energy efficiencyc, % 73.56

Sensible energy lossd of gas production, kJ 252.44

Sensible energy loss of liquid production, kJ 718.17

Sensible energy loss of solid production, kJ 550.62

Percentage of total sensible energy losse, % 4.02

Balance errorf, % 7.39

aSum of the energy of gas, liquid and solid products.
bThe ratio of total recyclable energy and the total energy input.
cThe ratio between the sum of the energy of gas and liquid products and the 
total energy input.
dSensible energy loss (kJ) = cpmΔT, where cp, m and ΔT represent the specific 
heat, mass and temperature change of the subject.
eThe ratio between the sum of the sensible energy loss of gas, liquid and solid 
products and the total energy input.
fBalance error (%) = 100 % – total energy-recovery efficiency percent of total 
sensible energy loss.
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dispatching devices, the REMS wind-energy curtailment rate 
was reduced from 30% to 0.78%, and the performance of the in-
tegrated system increased from 62.06 to 99.23. Even if the WPP 
system was equipped with an ESS, the system retained a wind 
curtailment of 19.44% and the design performance score was 
82.19. This indicated that integrating WPP with StE effectively im-
proved the safety and flexibility of wind-energy use and demon-
strated good applicability for energy dispatch.

4.3   Influence of the wind-curtailment rate and 
WPP scale
We conducted a parametric analysis to investigate the influ-
ences of the initial wind-curtailment rate and the configuration 
of the WPP capacity on the REMS system performance (see Table 
4). Fig. 9 shows the CR of the variations in the electricity supply 
and the energy-utilization rate caused by the initial wind cur-
tailment with different configured WPP capacities (125, 150, 175 
and 200 MWe). There was an upward trend of CR with increasing 
initial wind-curtailment rate φcur (Fig. 9a). When the REMS was at 
the same wind-curtailment rate, the larger the WPP configured 
capacity, the higher the CR. We also found that the CR of the 
system with configured capacities of 200 and 175 MWe started 
to level off at 100% when the initial wind-curtailment rate φcur 
rose from 10% to 27.87% and 32.00%, respectively. The inte-
grated system could not achieve a complete electricity supply 

when the configured WPP capacity was designed at 150 and 125 
MWe. That is because the WPP capacities of 150 and 125 MWe 
are too small for this integrated system when the initial wind-
curtailment rates are set over 40.07% and 28.07%. Under these 
conditions, the integrated system can achieve full power oper-
ation with the maximum electricity supply completion rates 
of 99.66% and 86.48% respectively. Then the total wind power 
and the initial curtailment rate will not increase with the wind 
speed, and there are only four data points for the case of 150 
MWe and three data points for the case of 125 MWe. Usually, a 
larger wind-curtailment rate means a higher wind speed. Both 
the higher wind speed and the larger WPP scale were helpful in 
meeting the power demand. On the contrary, the electrical gen-
eration of a small-scale WPP (such as 125 and 150 MWe) with 
less wind was insufficient. Fig. 9b shows that as φcur increased to 
a certain value and the configured WPP scale was large enough, 
the REMS-energy utilization rate decreased from the stable state 
of 100% (e.g. when ICp,wind was set as 200 MWe and φcur grew to 
27.87%). Excess generation reduced the level of energy use. As 
discussed, critical system performance points could be deter-
mined, at which the systematic CR of the electricity supply and 
energy-utilization rate reached 100%, such as when φcur = 27.87% 
and ICp,wind =  200 MWe and when φcur =  32.00% and ICp,wind =  175 
MWe.

The design performance index Ωdesign was used to further 
demonstrate the influence of WPP configurations on system  
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performance under different wind sources. For this purpose, the 
contour map (Fig. 10) is used to show the relationship among the 
parameters Ωdesign, φcur and ICp,wind. It also provides a design refer-
ence for optimizing the configuration. The valid range of design 
parameters (φcur and ICp,wind) is marked as the area ABCD, located 
in the coordinate frame that excludes the solid-line-covered tri-
angle. When ICp,wind was <153 MWe, the design performance index 
increased with φcur. When ICp,wind was >153 MWe, the design per-
formance index also increased with φcur and when it reached 
the maximum value, it showed the opposite trend. Accordingly, 
REMS with a design performance index (Ωdesign) of 100 could be 
used as the optimal system configuration design with different 
WPP capacities and wind sources. Table 7 records the results of 
the system performance simulation with the optimal configur-
ations. The initial rate of wind curtailment of the optimum con-
figuration was in the range of 27.87–34.12% (the corresponding 
WPP capacity was in the range of 200–155 MWe), all of which 
were wind-rich and had a low match between electricity supply 
and demand. The result showed that in these scenarios, the total 
wind generation remained at ~19 GWh and the electricity that 
must be supplied by the ICE and batteries was ~4 GWh. This sug-
gested that there would be good performance in the 7-day REMS 
operation with a daily wet SS disposal requirement of 1700 tons 
when the daily total wind-energy generation was ~2.71 GWh and 
on-demand electricity accounted for ~70% of the wind gener-
ation.

4.4   Environmental and economic analysis
Using the simulations in Section 4.2 and the case settings in 
Section 3.2.4, the REMS disposal approach using renewable 
energy (wind power and pyrolysis products) to replace con-
ventional coal-fired power plants could achieve monetized en-
vironmental benefits of $14 081 665. This design also reduced 
CO2 emissions by ~13  320 tons and provided effective soil re-
mediation for 874  129 m2. This result illustrated that the in-

tegrated system had important implications for the disposal 
and management of SS, the reduction of GHG emissions, the 
replacement of fossil fuels and the development potential in 
the social economy.

The parameter FREMS used to represent the economic ef-
fects of the optimized configurations was calculated according 
to the REMS parametric study results in Section 4.3. Fig. 11  
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Table 7:  Results of the system performance simulation during 
7-day operation period

Key performance parameters Value 

Wet SS disposal mass, t 11 900

Dried SS disposal mass, t 2538.97

Total wind energy, GWh 19.13

End-user electricity demand, GWh 15.10

Electricity for driving pyrolysis, GWh 3.72

SS drying heat, GJ 23 121.50

ICE electricity generation, GWh 1.93

PL heat generation, GJ 15 067.30

PG heat generation, GJ 2131.73

Net storage PL mass, t 48.24

Net storage PG mass, t 259.62

Net storage electricity, GWh 0.95

Purchased fuel mass, t 64.53

Purchased electricity, GWh 0

Minimum battery capacity, GWh 0.95

Minimum TES capacity, GJ 628.33

Pyrolytic char mass, t 1304.67

REMS electricity supply CR, % 100

REMS-energy utilization rate, % 99.23

REMS wind-energy curtailment, % 1.24

REMS design performance index 99.23
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provides the fitted FREMS curve, which first rose and then declined 
with increasing configured WPP capacity. The corresponding 
factors that influenced FREMS are also shown in the figure as the 
column chart. The system needed little or no grid energy and the 
minimum FREMS value appeared when the optimum WPP configur-
ation was the smallest. This meant that REMS could achieve the 
best economy when ICp,wind = 155 MWe and φcur = 34.12%. In add-
ition, the column chart reveals that the electricity-storage scale 
had the greatest impact on FREMS among the various factors. It also 
shows that the REMS cost control depended, in turn, upon a fur-
ther reduction in the electricity-storage cost.

5   Conclusions
SS resource recovery involves the sustainable development of en-
ergy, the environment and the economy. In this study, we analysed 
the applicability of the SS pyrolysis process in a renewable-energy 
microgrid. We conducted experiments to investigate the three-
phase pyrolytic product yields and the SS pyrolysis mass and 
energy balances at 550°C. We developed an integrated wind–StE 
power system REMS based on SS characteristics and pyrolysis 
performance. The system was evaluated on a 7-day continuous 
operation. We studied the influence of WPP capacity on the REMS 
performance under different wind sources. Environmental and 
economic benefits were also discussed. We offer the following 
main conclusions.

After pyrolysis, the calorific values of PG and PL were tested 
as 16.19 and 33.53 MJ/kg, which are better than those of the raw 
material. It means that the gaseous and liquid SS pyrolytic prod-
ucts are capable of being used as chemical-energy storage in 
renewable-energy microgrids. The pyrolysis char could be used 
in soil remediation to increase the environmental and economic 
benefits of REMS.

The proposed REMS synergized wind power and the SS pyr-
olysis process while providing on-demand power services to cus-
tomers in specific areas. Wind power could drive the continuous 
operation of the pyrolysis process. SS pyrolysis fuel products were 
used for power and heat supply to compensate for fluctuations 
in the power and drying-heat consumption. When the WPP cap-
acity was 200 MWe and the initial wind-energy curtailment rate 
was 30%, the integrated system performance was increased from 

62.06 to 99.23 by REMS. The integrated system increased wind-
energy utilization, reused SS and significantly improved environ-
mental benefits.

The integrated REMS could achieve 100% energy utiliza-
tion and 100% electricity supply CR within the configured WPP 
capacity range of 155–200 MWe. The larger the WPP capacity, 
the lower the initial wind curtailment. The REMS was also eco-
nomically feasible. The FREMS variation revealed that the differ-
ence in the economic cost was mainly affected by the scale 
of the electricity-storage device. The optimal REMS design 
was obtained when ICp,wind = 155 MWe and φcur = 34.12%. By this 
design scheme, the integrated system could meet end-user 
electricity demands of 15.10 GWh and the daily disposal  
of 1700 wet tonnes of SS, as well as improve wind-energy cur-
tailment.

In summary, REMS has good prospects for integrating SS pyr-
olysis technology and renewable energy, and helps to realize 
carbon-neutral energy-generation goals. The long-term evalu-
ation of the system operation should be performed with actual 
engineering data, especially with the life cycle of the storage 
system and involved facility maintenance.
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Nomenclature
csubsidy: disposal subsidy of unit mass of SS, $/t
csoil: unit cost of effective soil remediation, $/m2

cemission: unit cost of CO2 emissions, $/t
cwind: capital cost of wind power plant, $/MWe

cB: capital cost of battery, $/MWh
cTES: capital cost of TES system, $/GJ
cfuel,pyr: price of the redundant pyrolytic fuels, $/GJ
cfuel,pur: price of the extra-purchased fuel, $/GJ
ce: price of electricity, $/MWh
Csubsidy: financial subsidy of SS disposal, $
Csoil: benefit of soil remediation, $
Cemission: benefit of mitigation of CO2 emission, $
Ccons: construction cost of REMS, $
Csell: total operational income of REMS, $
Cbuy: expense of purchased fuel and electricity, $
ETES,net: net storage energy of TES, GJ
EB,net: net storage energy of battery, MWh
EStE: total energy of utilized PL and PG, GJ
Epur,total: total purchased energy, GJ
FREMS: revenue and expenditure of the REMS, $
H: calorific value, MJ/kg
ICp,TES: configured capacity of TES system, GJ
ICp,B: configured capacity of battery, MWh
ICp,wind: capacity of wind power plant, MWe

M: mass, t
P: power, MWe or MWt

SOC: state of charge
t: operating time, s
tc: a certain time, s
T: operation period, s
Y: yield of pyrolysis product, wt%
ΔE: change of energy, MWh or GJ
ΔP: power difference, MWe or MWt

Greek symbols
δE: completion rate of electricity supply, %
δU: energy-utilization rate, %

ζ: CO2 emission factor, t/MWh or t/GJ
η: efficiency, %
φ: curtailment rate of wind energy, %
Ωdesign: index of design performance

Subscripts
act: actual
B: battery
charge: charge
cur: curtailment of wind energy
demand: demand power or demand energy
discharge: discharge
drying: sewage sludge drying
e: electricity
fuel: fuel
grid: utility grid
i: fuel species
input: input
j: storage period
load: electricity load
max: maximum
min: minimum
net: net storage energy
pur: purchase
pyr: pyrolysis
th: thermal
total: total
wind: wind power 
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