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A B S T R A C T   

Waste-to-Energy (WtE) is becoming an important application sector for carbon capture utilization and storage 
(CCS) due to its role in urban waste management and its inherent potential of achieving negative emissions. This 
study is built upon a series of modelling activities, with three representative WtE plant steam cycle configurations 
selected to integrate monoethanolamine (MEA) based Post-combustion CO2 Capture (PCC). With 60% biogenic 
carbon in the fuel, a set of key performance indicators of the investigated WtE plant configurations are presented. 
Results show that there is significant potential for heat recovery from the PCC process to provide heat for District 
Heating (DH). With advanced heat recovery, the energy utility factor (EUF) of WtE plant could be higher than 
that for WtE plant without PCC. Results also show that optimised process design can be used to enable ultra-high 
CO2 capture (99.72% in this study) to be achieved with only a marginal increase in specific reboiler duty when 
compared with 95% capture. This study also highlights the importance of differentiating carbon intensities for 
different product bases: electrical or thermal or waste, which are important when comparing WtE CCS with other 
carbon saving technologies. The findings of this study provide valuable information for the future imple-
mentation of carbon dioxide capture technology in the WtE sector.   

1. Introduction 

Bio-Energy with Carbon Capture and Storage (BECCS) is a promising 
carbon removal approach that has the potential to offer permanent net 
removal of carbon dioxide (CO2) from the atmosphere over its lifetime 
[38]. A significant bioenergy resource is organic waste contained in 
municipal solid waste (MSW) that can be combusted in Waste to Energy 
(WtE) facilities to produce energy. Due to the high biogenic content in 
MSW, typically within a range from 50 % to 70 % [14,24], the adoption 
of Carbon Capture and Storage (CCS) in the WtE sector can play a 
promising role in the sustainable development of urban waste man-
agement strategies, and in delivering ‘negative carbon emissions’ for 
climate change mitigation. 

Solvent-based post-combustion carbon capture (PCC) is one of 
several options for removing CO2 from exhaust flue gases in power 
plants. It has been proposed for WtE plants since it is the most proven 
technology for CO2 capture and no significant modifications to the 
original plant are required [1,47]. Integration of PCC in WtE facilities, 
however, requires a large quantity of steam extraction from the power 
cycle for solvent regeneration, which causes an energy penalty to the 

WtE plant [3]. This is even more challenging for Combined Heat and 
Power (CHP) WtE plants with District Heating (DH) supply obligations. 

In Europe, the WtE sector provides up to 15 % of existing DH demand 
and the trend is increasing [7,46]. Reports from two surveys of European 
WtE plants show that around 50 % operate as CHP plants [35,40]. In 
northern countries with cool climatic conditions, such as Denmark and 
Sweden, it has become common practice to use heat from WtE plants for 
public heating purposes. In eastern and central Europe, WtE plants with 
DH systems also exist and are attracting more interest due to the rela-
tively high system efficiency and low CO2 emissions when compared 
with power only plants [10,27,30,42]. 

It is vital for CHP WtE plants with PCC to investigate approaches to 
balance the heat supply for the CO2 capture process and for the DH 
network, and thus design options for an effective thermal integration. 
Previous studies indicate that heat recovery is technologically viable to 
tackle the ‘energy conflict’ and to achieve more effective integration 
[15,23,48]. Improved heat exchanger network synthesis is proposed by 
Yoro et al. to tackle the high energy and material requirement of CO2 
separation process [45]. 

The application of CCS in the WtE sector is an emerging field that has 
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been getting more attention in recent years, and a limited number of 
studies have been published [16,29,39]. The world’s first full-scale 
commercial WtE with CCS plant, Hafslund Oslo Celsio - Klemetsrud 
CCS Project, secured full financing in 2022 and is expected to capture 
400kt CO2/yr from 2025 [26,34]. 

Another consideration for the integration of PCC with WtE plant is 
that ‘Net-zero’ is changing the expectation of residual emissions from 
CCS; in particular, ultra-high capture levels (>99 %) have been pro-
posed. Recent studies show that >99 % capture levels are technically 
feasible and the additional CO2 capture increases costs within an 
acceptable range [9,18,20,25]. Recent guidelines published by the UK 
Environmental Agency for permitting new post-combustion CO2 capture 
plants for gas and biomass power plants require a design CO2 capture 
rate of at least 95 % to be achieved for an environmental permit to be 
approved [13]. It is necessary to assess the technical and operational 
implications of ultra-high CO2 levels in WtE facilities equipped with 
PCC, in terms of the system performance and the negative carbon 
emission potentials. 

In this work, a rigorous model of a WtE plant equipped with an 
amine-based CO2 capture and compression system is developed with the 
focus of the following objectives:  

1) Identify how to optimise the process through CO2 capture process 
modelling for different capture rates;  

2) Calculate the excess heat recoverable from the capture plant that 
may be available for DH supply;  

3) Identify what the key indicators are that can be used to evaluate the 
performance of the thermal integration;  

4) Determine how to present the carbon emission intensity of different 
types of WtE with CCS accurately, paying particular attention to the 
range of products delivered by the plant. 

This work provides valuable insights on the performance of a WtE 
plant with PCC connected to electricity and district heat networks, and 
recommendations for future deployment of CO2 capture technologies in 
the WtE sector. 

2. Methodology 

In order to assess the performance of a WtE facility equipped with 

post-combustion CO2 capture and compression, a generic medium size 
WtE plant using direct combustion over a moving grate is modelled, with 
a constant 500 t/d MSW consumption (55MWth thermal energy input). 
As described in Section 2.1, three operating scenarios are considered:  

a) ‘Power-only’ represents WtE plants with power only operation  
b) ‘CHP-Ex&C’ represents WtE plants with steam extraction and a 

condensing steam turbine  
c) ‘CHP-BP’ represents WtE plants with a back pressure steam turbine 

For each scenario, two CO2 capture rates are considered: 95 % and 
99.72 %, as described in Section 2.2.2. Additionally, two thermal inte-
gration options are considered for each CO2 capture rate: basic and 
advanced, as described in Section 2.2.3. For this purpose an amine-based 
carbon capture system is built in ASPEN Plus V10, using a 35 %wt 
monoethanolamine (MEA) aqueous solution to ensure a relatively low 
specific reboiler duty (SRD) at high CO2 capture efficiency [17]. This is 
embedded in a rigorous integration model of a WtE facility with PCC, 
which includes a three-stage CO2 compression train and is built in 
gProcess V2.0.0. Fig. 1 summarises the process modelling approaches 
considered in this article. 

2.1. Investigated configurations of the WtE plant without PCC 

The technology most widely used for energy recovery from MSW is 
direct combustion over a moving grate, with the generation of super-
heated steam feeding a steam turbine train for power generation [44]. 
Based on a collection of WtE facility data from an extensive literature 
review [4,6,11,27], three configurations of the WtE plant representative 
of the WtE facilities in operation in Europe are considered in this article: 

a) In the power-only configuration, the WtE plant produces only elec-
tricity and the steam turbine train comprises a condensing steam 
turbine (ST) where superheated steam expands from 60 bar to a 
condenser pressure of 0.1 bar, considered in this work for an air 
cooling system. This configuration is representative of WtE plants 
which are not connected to a DH network including, but not limited 
to, plants that are built as DH ready (i.e. they will provide DH in the 
future) or CHP WtE plants currently connected to a DH network 

Fig. 1. Investigated process modelling approaches.  

D. Su et al.                                                                                                                                                                                                                                       

http://guidelines


Fuel 332 (2023) 126004

3

operating during summer time when the DH demand is expected to 
be zero.  

b) In the CHP-Ex&C configuration, the WtE plant produces electricity 
and thermal energy for the DH system. The steam turbine train 
consists of a high pressure (HP) ST cylinder and a condensing low 
pressure (LP) ST cylinder connected to an air-cooler condenser. Su-
perheated steam expands from 60 bar to 4 bar in the HP steam tur-
bine cylinder, a fraction of steam is then extracted to supply thermal 
energy to the DH system, and the remaining steam expands in the LP 
steam turbine cylinder from 4 bar to the condenser pressure (i.e. 0.1 
bar). A constant steam extraction to the DH system is assumed with 
and without PCC and, thus, additional steam extraction for CO2 
capture will only penalise the electricity output. It is assumed that 
the minimum flow rate through the LP steam turbine cylinder is 15 % 
of the nominal flow rate at full load, to cool down the blades and 
avoid overheating by churning.  

c) In the CHP-BP configuration, the WtE plant produces electricity and 
thermal energy for the DH system. The steam turbine train consists of 
a HP ST cylinder and a back pressure LP ST cylinder. Superheated 
steam expands from 60 bar to 4 bar and it is then sent to the DH 
system. When PCC is implemented, part of the steam is sent to the 

reboiler of the CO2 capture plant. In reality, the steam turbine train 
can be designed with a Synchro-Self-Shifting (SSS) clutch, which 
could be used to decouple the HP and the LP cylinders so that no 
minimum steam flow rate is required through the LP cylinder [5]. 
This operation scenario is representative of WtE plants with high DH 
demand during the whole year and particularly CHP WtE plants 
located in regions with long cold winters. 

Fig. 2 shows a schematic representation of the three WtE plant 
configurations. For all three configurations, the power-only configura-
tion is used as the base case plant. For example, the swallowing capacity 
of the LP steam turbine cylinder for power-only operation is also used for 
the other operating configurations. When PCC is on, a throttling valve 
located downstream of the extraction point is used to maintain the IP/LP 
crossover pressure at the required level. 

2.2. Modelling methodology of a WtE facility with PCC 

The three WtE configurations described in Section 2.1 are used as 
generic configurations and are equipped with a post-combustion CO2 
capture system and a CO2 compression train developed in gProcess 

Fig. 2. Schematic representation of investigated configurations of the WtE plant.  

Fig. 3. Process flow diagram of a WtE CHP plant with CO2 capture and compression.  
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V2.0.0. gProcess is an equation-oriented modelling platform that allows 
the creation of customised models for each operation, using the Peng- 
Robinson equation of state for gas mixtures and Steam 
Tables (IEAPWS-95) for water and steam available in Multiflash V6.1. 

The CO2 capture plant is separately modelled in Aspen-Plus V10 with 
the objective of sizing the absorber column and optimising the operating 

parameters to find the minimum specific reboiler duty (SRD) required to 
achieve a given CO2 capture efficiency. The starting point for the CO2 
capture plant in this paper is an open-source steady-state model of a 
conventional solvent-based CO2 capture plant using 35 %wt mono-
ethanolamine (MEA) aqueous solution (developed by the U.S. Depart-
ment of Energy’s Carbon Capture Simulation Initiative at the National 

Fig. 4. Schematic layout of the referenced WtE plant.  

� Flue gas 
conditions

� Determine 
targeted CO2

capture 
efficiencies

Data gathering 
and Targeting

� Absorber packing diameter

� Fractional flooding

� Lean solvent loading

� Reboiler operating 
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Initial input 
design 

parameters

� Absorber packing height 
and Rich loading for each 
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with increasing packing 
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Fig. 5. PCC plant modelling approach in ASPEN plus.  

Fig. 6. Schematic representation of the additional heat recovery options considered in the advanced heat integration configuration of a CHP WtE with post- 
combustion CO2 capture. 
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Carbon Capture Centre (NCCC)) [22]. This model has been validated 
satisfactorily with NCCC pilot plant data from the 2014 campaign 
[32,41]. 

The PCC system in gProcess is modelled as a “grey box” which re-
quires the following input parameters obtained from the CO2 capture 
model in Aspen Plus:  

• CO2 capture efficiency (or CO2 captured flow rate);  
• SRD (or mass flow rate of steam for solvent regeneration);  
• the operating stripper pressure; and  
• Auxiliary power consumption by the solvent pumps. 

The Aspen Plus model requires as input parameters the flow rate and 
composition of the flue gas exiting the direct contact cooler (DCC) and 
the pressure and temperature of the steam extraction available from the 
IP/LP crossover in the steam cycle. 

An overview of the process flow diagram of the WtE plant equipped 
with a CO2 capture system and a three-stage CO2 compression train 
connected to a DH system is provided in Fig. 3 and a more detailed 
process flow diagram is available in Appendix 1. With PCC, the steam 

required in the CO2 capture process for the solvent regeneration is 
extracted from the main steam cycle at 4 bar. The condensate return 
mixes with the power plant condensate as it emerges from the feed water 
heating (FWH) train. 

2.2.1. Description of the WtE facility 
The reference WtE plant is assumed to operate as base load with a 

contractual obligation to process 500 t/day of MSW throughput. The 
schematic layout of the referenced WtE plant as shown in Fig. 4. It in-
cludes air-preheating, the waste incineration furnace and grate, flue gas 
passes for steam generation, steam turbines for power production, a heat 
exchanger for heat production, and the flue gas cleaning systems. 

The MSW is processed by direct combustion over a moving grate 
using 50 % excess air to ensure complete combustion. Combustion air is 
added in two stages. Primary air (ca. 70 % of the total air) is preheated to 
150 ◦C by steam extracted from the HP turbine and supplied through the 
grate layer into the fuel bed. Secondary air (ca. 30 % of the total air flow) 
is preheated using grate cooling water up to 50 ◦C and supplied over the 
grate layer (air over fire). The excess air is calculated so that the oxygen 
concentration in the exhaust flue gas is within the range of 6 % vol to 9 % 
vol (dry basis). 

The heat released from the waste incineration is used to generate 
superheated steam at 400 ◦C and 60 bar, which is sent to the steam 
turbine train for power generation. The steam turbine consists of three 
cylinders with one steam extraction point at 6 bar for the deaerator, and 
a subsequent steam extraction point at 4 bar to supply the district 
heating system and the reboiler for solvent regeneration when operating 
with CO2 capture. 

The flue gas exiting the heat recovery section in the boiler goes 
through a series of flue gas treatment processes to remove acid gases and 
other harmful components. Nitrogen oxide emissions are removed using 
a selective non-catalytic reduction process with injection of aqueous 
ammonia. A series of bag filters are used to reduce the particle matter 
concentration to the allowed emission level. After the flue gas treatment 

Table 1 
Flue gas inlet conditions of the PCC system.  

Flue gas at the inlet of the absorber  Composition 
Pressure bar 1.063 
Temperature C 40 
Mass flow rate kg/s 30.71 
Molar flow rate mol/s 1046  

Composition   
CO2 %vol 11.11 
H2O %vol 6.95 
N2 %vol 75.23 
O2 %vol 6.72  
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process, the temperature of the flue gas existing the air pollution control 
system is 136 ◦C, based on real operational data from a Recycling and 
Energy Recovery Centre (RERC) operated by FCC Environment in 
Edinburgh. 

Up-stream of the DCC in the CO2 capture plant, a gas–gas rotary heat 
exchanger is used to recover heat from the flue gas and increase the 
temperature of the CO2-depleted gas from the absorber, ensuring 
adequate gas buoyancy and dispersion in the atmosphere. 

The generic model of the ‘power-only’ configuration of a WtE plant 
was calibrated against the operating data of the Edinburgh RERC, with 
acceptable agreement. For detailed parameters used for the modelling, 
please refer to Appendix 2. The ultimate composition of the MSW was 
taken from the RERC data provided by FCC Environment, as shown in 
Appendix 3. 

2.2.1.1. Capture plant modelling and ultra-high CO2 capture rate. The 

modelling methodology for the design and optimisation of the PCC 
process is illustrated in Fig. 5. The CO2 capture plant is designed to 
process the total amount of flue gas exiting the WtE plant, i.e. a flue gas 
flow rate of 30.7 kg/s with a CO2 concentration of 11.1 %vol down-
stream the DCC. 

The overall CO2 capture efficiency is defined as the amount of CO2 
captured for transport and storage/utilisation relative to the amount of 
CO2 generated in the combustion of the waste. In this study, the oper-
ating and design parameters are evaluated for a range of CO2 capture 
rates from 90 % to 99.72 %, taking as base case the design of a CO2 
capture process at 95 % CO2 capture rate. 

The upper limit of this range (99.72 % capture efficiency) is selected 
to represent an ‘ultra-high’ CO2 capture rate that achieves zero-direct 
CO2 emissions. In this scenario all the CO2 produced in the combus-
tion of the waste fuel is captured and the remaining CO2 corresponds to 
the amount of CO2 entering the process with the combustion air. For the 

Fig. 8. Sensitivity of the specific reboiler duty to the lean solvent CO2 loading for a 35 %wt MEA capture system for a range of CO2 capture efficiencies 95 %/99 % 
/99.7 %. The absorber packing heights are 17 m/20 m/22 m for 95 %/99 % /99.7 % capture efficiencies, respectively. For illustration purposes, the final packing 
height after optimisation might be different. 
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WtE plant treating 500 t/d of MSW, 5.168 kg/s of CO2 exits the plant in 
the combustion gases, of which 99.72 % (5.15 kg/s) is captured in the 
PCC plant and the remaining 0.28 % CO2 (0.0145 kg/s) corresponds to 
atmospheric CO2 entering the plant with the combustion air. 

In the 2nd step, the initial design parameters are considered in three 
sections: absorber, cross flow heat exchanger (XFHE) and regeneration. 

In the absorption section, cooled flue gas downstream of the DCC is 
contacted with the solvent to remove CO2 in a packed column. The 
absorber is a structured packing using Sulzer Standard Mellapak Plus 
252Y with 35 % monoethanolamine (MEA) aqueous solution. Higher 
concentrations of MEA are reported to have lower SRD, especially at 
high CO2 capture efficiency (e.g. a test campaign carried out at the Pilot 
Scale Advanced Capture Technology (PACT) facilities of the UK Carbon 
Capture and Storage Research Centre (UKCCSRC) [2]). The absorber 
column diameter is approximated using a method proposed by Chapel 
et al. [8], and a lean loading of 0.16 mol CO2/mol MEA is initially 
assigned. 

In the XFHE section, CO2 ‘rich’ solvent downstream of rich solvent 
pump (initially assigned 900kpa to avoid flashing) after the absorber is 
heated up against CO2 ‘lean’ solvent in the cross-flow heat exchanger 
before entering the stripper. The approach temperatures in the XFHE are 
specified to be 10 ℃. 

Finally, in the regeneration section the CO2 in the rich solvent is 
‘stripped off’ by the condensing heat provided through the low-pressure 
saturated steam from the reboiler. The stripper operating pressure is 
designed to be 210 kPa with regeneration temperature around 125 ◦C to 
prevent thermal degradation, i.e. polymerisation. The conditions in the 
stripper are set to achieve the required CO2 capture efficiency, under 
initial given lean solvent loadings. The temperature of the condensing 
steam in the reboiler exceeds the solvent temperature by the pinch 
temperature (10 ◦C) assumed in the reboiler design. 

In the 3rd step, PCC plant simulation is performed with all the initial 
design parameters determined in the previous step. A range of absorber 
packing height is simulated for a constant diameter up to a value at 
which a further increase results in a marginal gain in the rich solvent 

CO2 loading and in a marginal reduction of the SRD (details provided in 
Section 3.1). The design absorber packing size (especially packing 
height), also needs to consider practical design limits that ensure effi-
cient liquid dispersion and gas/liquid interactions within the packed bed 
to achieve the specified CO2 capture efficiency. 

Finally, in the optimisation step, the optimum lean solvent flow rate 
entering the absorber which minimises the SRD is evaluated for each 
CO2 capture efficiency. Other parameters assigned during the initial 
input stage such as absorber intercooling, stripper pressure, etc., can 
also be further optimised to allow the minimized SRD for the specified 
CO2 capture rates to be identified. The sizing and optimisation results of 
the PCC plant are presented in Section 3.1. 

2.2.1.2. Options for advanced thermal integration of a WtE plant with 
PCC. A recent study identifying the Best Available Techniques for PPC 
prepared by [13] for the UK Environment Agency suggests that various 
heat recovery concepts may theoretically be viable (i.e. consistent with 
the 2nd Law of Thermodynamics); although capital cost and reliability, 
availability, maintainability, operability (RAMO) considerations and 
specific characteristics of the PCC system might constrain implementa-
tion. Following these recommendations, two thermal integration op-
tions for a WtE plant with PCC, considered as ‘Basic thermal integration’ 

and ‘Advanced thermal integration’, are considered in this article. 
The basic thermal integration option includes minimum modifica-

tions to the existing heat exchanger network, which leads to no excess 
heat being recovered from the CO2 capture process. The thermal energy 
required for solvent regeneration and the DH system is supplied by 
steam extracted from the steam cycle of the WtE plant. 

The advanced thermal integration option introduces additional 
modifications in the heat exchanger network based on engineering 
judgment with the objective of maximizing the net power output for a 
power-only WtE plant and maximizing thermal output for a WtE-CHP 
plant equipped with PCC. Excess heat can be recovered from three lo-
cations in the PCC process: the compressor intercoolers, the stripper 

Fig. 10. Effect of stripper pressure on the specific reboiler duty for a range of lean solvent loadings. Under constant rich loading of 0.45 mol CO2/mol MEA for 99.72 
% CO2 capture rate. 
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overhead condenser and the DCC. 
For power-only operation, the recovered heat is used to provide heat 

to feedwater in the FWH train, thus reducing the amount of steam 
extracted and increasing the power output from the steam cycle. For 
CHP operations, the recovered heat is used in the DH system. The DH 
water return splits into five streams: four of them are heated in heat 
exchangers from 60 ◦C to 80 ◦C using relatively high-temperature heat 
from the compressor intercoolers and the stripper overhead condensers. 
A fifth stream is heated to 77 ◦C by a heat pump and then by steam 
extraction to the final DH supply temperature of 80 ◦C. Steam conden-
sation will occur for gas to liquid heat exchange, so the pinch temper-
ature is set to be 15℃ for heat recovery from the stripper overhead 
condenser. A schematic representation of the available heat sources in 
the PCC process and the thermally integrated configuration used in the 
advanced integration case is illustrated in Fig. 6. 

The heat pump is used in the fifth stream to recover heat from DCC 
cooling water since the temperature level at the DCC is relatively low 
and, therefore, not high enough for direct use. Heat from DCC cooling 
water is recovered in the heat pump evaporator, increasing the DH water 
temperature from 60 ◦C to 77℃ (through private communication with a 
heat pump vendor, this is the highest temperature for a commercially 
available single stage centrifugal compression heat pump and the COP of 

the heat pump is approximated to be 5.5). 
The heat pump can produce about 12MWth heat for DH, with a 

power consumption of about 2.2MWe. It should be noted that the COP of 
heat pump is closely related to the temperature lift (which is the tem-
perature difference between condensing temperature and evaporating 
temperature) of the heat pump. For example, reducing the temperature 
lift can increase the COP, thus reducing the power consumption. The use 
of heat pumps in WtE plants with CCS has been proposed in several 
studies, such as the FEED study of the Oslo WtE-CHP plant [43], and a 
recent report by IEAGHG [21]. 

2.3. Key performance indicators for performance analysis 

The following key performance indicators are defined in this article 
for the purpose of conducting a standardised performance evaluation 
and comparative assessment across the different WtE plant configura-
tions investigated, without and with CCS. 

2.3.1. Thermodynamic metrics for power-only configuration 
Electricity output penalty (EOP). 
EOP is evaluated as the total net loss in power output due to the CO2 

capture process divided by the mass flow of compressed CO2 exiting the 
plant boundaries [28], as shown in Equation (1). 

EOP =
We,ref −We,CCS

ṁCO2,captured

[MWhe/tCO2
] (1)  

Where:We,ref Net power output without CCS [MWe].We,CCS Net power 
output with CCS, considering reduction in steam turbine power output 
due to steam extraction for solvent regeneration, power consumption 
associated with the CO2 capture process and any offsets due to beneficial 
heat recovery for condensate heating and other purposes 
[MWe].ṁCO2,captured Mass flow of CO2 captured exiting the plant bound-
aries [t/h]. 

Efficiency Penalty. 
The efficiency penalty (Δη) is evaluated as the reduction in the net 

electrical efficiency of the WtE plant due to CO2 capture and compres-
sion as shown in Equation (2). For a power only WtE plant with CO2 
capture, the net electrical efficiency is evaluated as the ratio of the net 
power output divided by the waste fuel thermal input on LHV basis. 

Δη = ηref − ηCCS =
We,ref

Qfuel input

−
We,CCS

Qfuel input

(2)  

Where:ηref , ηCCS Electrical efficiency without and with CCS [-].Qfuel input 
Fuel thermal input on LHV basis [MWhth]. 

2.3.2. Thermodynamic metrics for CHP configuration 
Energy utilisation factor (EUF) penalty. 
EUF is evaluated as the ratio of the total energy output, including net 

useful electrical output and net useful thermal output, divided by the 
total fuel thermal input on LHV basis, as shown in Equation (3). This 
parameter facilitates the performance comparison of a CHP plant with 
and without CO2 capture, but it does not differentiate between the 
exergy level of power and heat. The energy utilisation factor penalty 
(ΔEUF) is calculated as in Equation (4). 

EUF =
We + Qth,DH

Qfuel input

=
We + Qth,DH

Qfuel input

(3)  

ΔEUF = EUFref −EUFCCS =
We,ref + Qth,DH,ref

Qfuel input

−
We,CCS + Qth,DH,CCS

Qfuel input

(4)  

where Qth,DHNet useful thermal output for district heating, subscripts 
‘ref’ and ‘CCS’ represents Qth,DH under reference case and CCS case, 
respectively [MWhth]. 

Effective electricity efficiency (EEE) penalty. 

Table 2 
Design and performance parameters of the PCC plant at two CO2 capture levels.  

Parameter Unit Reference 
case 

Net-zero 
emission case 

CO2 capture efficiency  95 % 99.72 % 
Flue Gas    
Flue Gas Flow Rate kg/s 30.7 30.7 
Inlet Temperature oC 40 40 
CO2 Concentration Mole Fraction 11.1 11.1  

Absorber    
Lean solvent flowrate kg/s 63.8 69.9 
Packing Height m 18 24 
Diameter m 3.8 3.8 
Packing Volume m3 215 286 
Intercooler Return 

Temperature 
oC 25 25 

Absorber Flooding % 68 % 76 %  

Heat exchanger    
Rich Cold Solvent Inlet 

Temperature 
oC 44 45 

Rich Hot Solvent Outlet 
Temperature 

oC 118 118 

Lean Hot Solvent Inlet 
Temperature 

oC 125 125 

Lean Cold Solvent Outlet 
Temperature 

oC 54 55  

Rich Solvent pump    
Pressure increase * kpa 1000 900  

Stripper    
Packing Height m 8 10 
Diameter m 2.5 2.5 
Packing Volume m3 63 79 
Stripper Flooding % 62 % 68 % 
Lean Solvent CO2 Loading mol CO2/mol 

MEA 
0.16 0.16 

Rich Solvent CO2 Loading mol CO2/mol 
MEA 

0.47 0.46 

Stripper Pressure kPa 210 210 
Reboiler temperature oC 125 125.2 
Specific Reboiler Duty 

(SRD) 
MJ/kg CO2 3.59 3.72 

Note: * The output pressure of the rich solvent pump is adjusted to prevent from 
flashing in the lean-rich solvent heat exchanger. 
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EEE allows a direct performance comparison between power only 
and CHP plants. It is defined here as the ratio between the net electrical 
output and the additional fuel that the CHP consumes above what would 
have been used by a conventional boiler to produce the thermal output 
of the CHP plant. EEE and EEE penalty (ΔEEE) is calculated as shown in 
Equation (5) and Equation (6). 

EEE =
We

Qfuel input − Qth,H/α
(5)  

ΔEEE = EEEref −EEECCS

=
We,ref

Qfuel input − Qth, DH ref /α
−

We,CCS

Qfuel input − Qth, DH CCS/α
(6)  

Whereα The efficiency of the conventional technology that would have 

been used to produce the useful thermal output if the CHP is not in place. 
This work assumes that the conventional technology is a grate boiler and 
assigns a constant value of 0.8. 

2.3.3. Carbon intensity of a WtE plant equipped with PCC 
In order to assess the potential for negative emissions of the CCS WtE 

sector, the carbon emission intensity is calculated on the basis of both 
electricity and thermal output. The biogenic carbon content in the 
referenced MSW incinerated is not available at the time of the writing 
and a 60 % biogenic to total carbon ratio is assumed in this study, based 
on a literature review in the public domain [14,24,36]. 

Carbonintensityfuel =
FossilCO2emitted − BiogenicCO2captured

AmountofMSWinput(tons)
(8)  

Carbonintensityelectrical =
FossilCO2emitted − BiogenicCO2captured

Netpoweroutput
(9)  

Carbonintensitythermal =
FossilCO2emitted − BiogenicCO2captured

Netthermaloutput
(10)  

3. Results and discussion 

In this section, modelling results for three WtE plant configurations 
with PCC are presented, along with performance assessments based on 
metrics defined in Section 2.3. 

Table 3 
Summary of key performance results of investigated steam cycle configurations for WtE with PCC considering different heat integrations and CO2 capture rates.   

Unit Without PCC PCC - basic heat integration PCC - Advanced heat integration 
Power-only configuration       
CO2 capture rate   95 % 99.72 % 95 % 99.72 % 
Power output MWe 15.3 10.0 9.6 10.6 10.1  

Key performance indicators        
Electricity output penalty (EOP) kWhe/tCO2   297 304 266 277 
Efficiency penalty –   9.4 % 10.2 % 8.5 % 9.3 % 
Carbon intensity gCO2/kWh electrical 482  −1011 −1142 −959 −1086 

gCO2/kg waste 353  −486 −528 −486 −528  

CHP-Ex&C configuration        
CO2 capture rate  * † 95 %* 99.72 %† 95 % 99.72 % 
Power output MWe 12.5 12.8 7.2 7.1 5.0 4.9 
Heat output MWth 14.1 12.5 14.1 12.5 32.2 31.4  

Key performance indicators        
Energy utilisation factor (EUF) penalty – – – 9.6 % 10.4 % −19.0 % 19.6 % 
Effective electricity efficiency (EEE) penalty – – – 14.1 % 14.4 % 0.6 % 2.2 % 
Carbon intensity gCO2/kWh electrical 589 573 −1415 −1553 −2035 −2246 

gCO2/kWh thermal 523 587 −718 −877 −315 −350 
gCO2/kg waste 353 353 −486 −528 −486 −528  

CHP-BP configuration        
CO2 capture rate    95 % 99.72 % 95 % 99.72 % 
Power output MWe 8.12  6.25 6.17 4.1 4.0 
Heat output MWth 37.3  19.9 18.5 38.0 37.3  

Key performance indicators        
Energy utilisation factor (EUF) penalty – – – 36.7 % 40.3 % 5.4 % 8.4 % 
Effective electricity efficiency (EEE) penalty – – – 68.6 % 70.0 % 34.0 % 45.1 % 
Carbon intensity gCO2/kWh electrical 907 907 −1621 −1782 −2489 −2758 

gCO2/kWh thermal 197 197 −509 −595 −267 −294 
gCO2/kg waste 353 353 −486 −528 −486 −528 

Note: For CHP-Ex&C configuration without PCC, the DH capacity for different CO2 capture rate is different, since the DH capacity is calculated under the same 
minimum flow rate through the LP steam turbine of the power only WtE plant. The *,† indicates the reference CHP WtE without PCC considered for each capture rate, 
on the basis of maintaining the same thermal output when PCC is integrated. 

Table 4 
WtE with PCC EOP and Efficiency penalty for power only configuration.    

Unit 95 % 99.72 
% 

Electricity output 
penalty 

Basic heat integration MWhe/ 
tCO2 

297 304 

Advanced heat 
integration 

MWhe/ 
tCO2 

266 277 

Efficiency penalty Basic heat integration – 9.4 
% 

10.2 % 

Advanced heat 
integration 

– 8.5 
% 

9.3 %  

D. Su et al.                                                                                                                                                                                                                                       



Fuel 332 (2023) 126004

10

3.1. Sizing and optimisation of the PCC system for a range of CO2 capture 
efficiencies 

The CO2 capture plant is designed and optimised to process the total 
amount of flue gas exiting the WtE plant. The flue gas flow rate, tem-
perature, pressure and composition at the inlet of the CO2 capture sys-
tems are presented in Table 1. These data are used as input values for the 
Aspen Plus model of the PCC plant. 

3.1.1. Absorber packing design and optimisation 
Absorber design in PCC systems involves a trade-off between capital 

cost and operating cost. In general, a higher absorber packing bed or a 
higher SRD (specific reboiler duty) is required to achieve a higher CO2 
capture rate. Fig. 7 illustrates the effect of increasing the absorber 
packing height on SRD and on rich solvent loadings, for a range of CO2 
capture rates. 

For a given CO2 capture rate, a higher packing height results in a 
larger contact surface area and a longer residence time, which enhances 
the CO2 absorption rate and thus the CO2 loading of the solvent at the 
bottom of the absorber (rich solvent) increases. This also results in an 
increased solvent capacity for a given lean solvent CO2 loading, and thus 
a reduced amount of solvent is required to achieve a given CO2 ab-
sorption efficiency, which reduces the sensible heat required to heat the 
solvent to the reboiler temperature (once the solvent has been trans-
ferred to the stripper). This is reflected in a reduced SRD. 

In this work, the absorber packing height is optimised for each one of 
the considered configurations separately to enable a fair comparison of 
technical performance. For each case, the absorber packing height is 
increased to a value at which a further increase in packing height results 
in a similar marginal (and small) gain in the rich solvent CO2 loading 
and also a similar marginal (and small) reduction of the SRD. However, 
practical constraints need to be considered as well. Personal communi-
cations from SULZER suggested an upper limit of 8 m to 10 m for the 
height of each structured packing section (packing bed) in the absorber 
column to ensure adequate liquid distribution and structural integrity. 

Using this approach, an absorber packing height of 24 m (3 packing 
beds of 8 m each) is selected for the net-zero direct emission case (i.e. 
99.72 % capture rate); a further increase would lead to a marginal 
decrease in the SRD of 1.3 %. For the base case of 95 % capture rate an 

Fig. 11. Effect of heat recovery on the EUF penalty and the EEE penalty for a CHP WtE plant with PCC at 95% CO2 capture rate.  

Fig. 12. Effect of Ultra-high CO2 capture rate on the EUF penalty and the EEE penalty for a CHP WtE plant with PCC for two steam cycle configurations and basic 
heat integration. 

Table 5 
Carbon intensity on the basis of fuel input for different CO2 capture efficiencies.  

Carbon intensity WtE without PCC 95 % CO2 capture 99.72 % CO2 capture 
gCO2/kg waste 353 −486 −528  
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absorber packing height of 18 m (two packing sections of 9 m each) is 
selected, leading to a similar marginal decrease in the SRD of 1.4 %. 

3.1.2. Effect of lean solvent loadings 
The effect of lean solvent CO2 loading on the SRD and L/G ratio is 

illustrated in Fig. 8 for a range of CO2 capture efficiencies 95 %/99 
%/99.72 %, with absorber packing height initially assigned of 17 m/20 
m/22 m respectively. At a lower lean solvent CO2 loading, a smaller 
amount of solvent is required to achieve a certain CO2 capture rate, yet 
the contribution of the heat of desorption to the SRD is more relevant. At 
a higher lean solvent CO2 loading, more solvent is required to achieve a 
certain CO2 capture rate, and thus the effect of sensible heat required to 
heat the solvent to the stripper temperature on the reboiler duty be-
comes more significant. There is therefore an optimal value of the lean 
solvent CO2 loading that results in a minimum SRD. 

3.1.3. Effect of absorber intercooling 
Absorber intercooling enables a shift in the thermodynamic vapour- 

liquid equilibrium, ensures high driving forces for CO2 mass transfer 
through the column and consequently increases the rich solvent loading 
at the bottom of the absorber [33]. The intercooling temperature has 

been typically set at 40℃ for 90 % CO2 capture rate [37]. Intercooling 
temperatures between 30℃ and 40℃ have been used for 99 % capture 
level in recent studies [12]. [31] report that the impact of intercooling 
on the rich loading is greater at higher lean loadings for 99 % capture 
level. 

The design of the capture plant conducted in this study shows that 
absorber intercooling is necessary for achieving ultra-high CO2 capture 
rates above 99 %. If intercooling is not implemented, the large amount 
of heat released leads to a significant high temperature bulge at the top 
of the absorber column, reducing the driving force for CO2 transfer. For a 
given rich solvent loading, applying intercooling also decreases the 
required absorber packing height. As shown in Fig. 9, lower intercooling 
temperature allows the absorber column to have a closer approach to 
equilibrium, leading to lower SRD. In this study, the intercooler is 
located after the first top packing section for 95 % CO2 capture (two 
packing sections of 9 m each) and 99.72 % CO2 capture (three packing 
sections of 8 m each). The solvent exits the absorber column at the end of 
the first packing section, passes through an external heat exchanger 
where it is cooled down to 25℃ and returns to the column at the top of 
the second packing section. 

Fig. 13. Carbon intensity of a WtE plant without and with PCC at 95% CO2 capture rate.  

Fig. 14. Carbon intensity on the basis of net electricity output of a WtE plant without and with PCC at 95% and 99.7% CO2 capture rates (Basic heat integration); in 
the figure, the signs *,† indicates the reference WtE without PCC on the basis of maintaining the same thermal output with PCC is added for each capture rate. 
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3.1.4. Effect of stripper pressure 
The effect of the stripper pressure on the SRD for a range of lean 

solvent loadings is also investigated as part of the optimisation of the 
PCC plant design. Fig. 10 shows that at higher stripper pressures, the 
effect of the lean solvent loading on the SRD is less significant and the 
SRD required to achieve a given lean solvent loading is smaller. A higher 
stripper pressure requires, however, a higher reboiler temperature to 
generate the steam to strip CO2 from the loaded solvent. Therefore, there 
is a maximum stripper pressure above which the required reboiler 
temperature would be higher than the limiting temperature that accel-
erates thermal degradation of the solvent. 

According to the VLE curve, increasing temperature will increase 
CO2 partial pressure in the stripper, so the CO2 fraction at the top of the 
stripper increases, while the vapour fraction at the top of the stripper 
decreases. Additionally, the absolute values of both CO2 partial pressure 
and vapour partial pressure increase with increase of stripper pressure. 
A lower vapour fraction at the top leads to a lower heat lost due to 
vaporization, so the SRD is smaller at higher stripper pressures. 

For a constant stripper pressure, on one hand, a lower lean solvent 
loading leads to a higher solvent capacity and a smaller amount of sol-
vent required to achieve a certain CO2 capture rate, e.g., 99.72 %, and 
thus the contribution of the sensible heat required to increase solvent 
temperature to the stripper temperature decreases. On the other hand, a 
higher heat of desorption is required to achieve a lower lean solvent 
loading. The overall effect is an increase in the SRD to achieve lower lean 
loadings at a constant stripper pressure which becomes more significant 
at very low lean solvent loadings. This implies that when designing the 
PCC plant with lower lean loadings, in order to minimize SRD, 
increasing stripper pressure (to a level that does not exceed solvent 
degradation temperature) should be considered. 

3.1.5. Summary of PCC plant modelling results 
Based on the design and optimisation procedure reported in this 

section, the key parameters of the CO2 capture plant for the 95 % and 
99.72 % CO2 capture efficiency are presented in Table 2. The capture 
plant data obtained from the PCC system modelled in Aspen Plus are 
used as input parameters to the WtE plant model in gProcess to assess the 

effect of increasing the CO2 capture efficiency on the performance of the 
WtE plant. 

3.2. Summary of the technical performance and KPI results of WtE with 
PCC integration 

A summary of the results from the performance assessment of the 
investigated scenarios of a WtE with PCC described in Section 2.2 are 
presented in Table 3. It shows the effects of different heat integration 
options and CO2 capture rates on the net power and thermal output from 
the WtE plant and the KPI values identified in Section 2.3. Under these 
configurations, the key plant specific parameters such as the steam 
outlet parameters from boiler, waste throughput into the system, low 
pressure turbine swallowing capacity, etc., remains the same. The KPI 
results will be discussed separately in Section 3.3. 

The reduction in the net power output when PCC is implemented 
accounts for (1) the power reduction due to steam extraction from steam 
cycle for solvent regeneration; (2) the power consumption in the CO2 
compression train, and (3) power reduction due to ancillary power 
consumption such as booster fan, solvent pumps, etc. As can be seen 
from the Table 3, under CHP-Ex&C configuration, the WtE plant can be 
operated to maintain the same DH capacity when CO2 capture is 
implemented, yet the DH capacity will slightly decrease at higher CO2 
capture rates. On the other hand, under CHP-BP configuration, the WtE 
plant is operating at the maximum heat to power ratio, adding PCC 
would considerably reduce the net useful thermal output from 37.3 
MWth in the reference configuration down to 18.5 MWth for 99.7 % CO2 
capture ratio. 

The amount of heat that could potentially be recovered from the CO2 
compressor intercoolers, stripper overhead condenser and DCC (recov-
ered by the heat pump, as discussed in Section 2.2.3) is 1.6 MW, 5.3 MW 
and 9.8 MW respectively. For CHP plants with advanced heat integra-
tion, the DH capacity is increased by recovering much of this heat. For 
example, for the CHP-Ex&C configuration, an advanced thermally in-
tegrated WtE plant could overcome the reduction in net useful thermal 
output when CO2 capture is used with only basic heat integration. For 
CHP-BP configuration, the WtE plant is operating at the maximum heat 

Fig. 15. Carbon intensity on the basis of thermal output for a CHP WtE plant without and with PCC for a basic and an advanced thermal integration; in the figure, the 
signs *,† indicates the reference WtE without PCC on the basis of maintaining the same thermal output with PCC is added for each capture rate. 
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to power ratio, adding a PCC system would not compromise the net 
useful thermal output, i.e. 37.3 MWth at 99.7 % CO2 capture level 
compared to the same value for the reference case without PCC. 

3.3. Assessment of the thermodynamic metrics of WtE facilities with PCC 

3.3.1. Power-only WtE plant 
The assessment of the performance of the power-only WtE plant with 

PCC is presented in terms of electricity output penalty (EOP) and effi-
ciency penalty in Table 4. It can be seen that in general, heat recovery 
can effectively reduce the energy penalty associated with PCC integra-
tion. With basic heat integration, the EOP is ca. 297kWh/kgCO2 and 
304kWh/kgCO2 at 95 % and 99.72 % CO2 capture rate respectively, 
which results in corresponding efficiency penalties of 9.4 % and 10.2 %. 
For advanced heat integration, the EOP is reduced to 266 kWh/kgCO2 
and 277 kWh/kgCO2, a 31kWh/kgCO2 and 27 kWh/kgCO2 reduction 
respectively. 

Heat recovery into the FWH train is constrained at 99.72 % CO2 
capture level. In this case, more steam is extracted from steam cycle, 
leading to a higher mass flowrate reduction of boiler condensate in the 
FWH, which reduces the capacity of boiler condensate to absorb the heat 
available in the stripper overhead condenser. 

Comparing with the reference case (95 % CO2 capture rate), the net- 
zero emission case (99.72 % CO2 capture rate) shows slightly higher EOP 
and efficiency penalty, but the difference is relatively small when 
compared to the effect of heat recovery on system performance. 

3.3.2. CHP WtE plants 
The assessment of the performance of a CHP WtE plant with PCC is 

presented here in terms of energy utilisation factor (EUF) penalty and 
effective electricity efficiency (EEE) penalty with results illustrated in 
Fig. 11 and Fig. 12. 

The CHP-BP configuration has the highest EUF and EEE before and 
after CO2 capture. This is because there are no condensing heat losses in 
this configuration. The low pressure turbine and condenser is bypassed 
in order to provide as much heat as possible. When CO2 capture is in-
tegrated with basic heat integration, both EUF and EEE are reduced. As 
shown in Fig. 11, for basic heat integration, the EUF penalty is about 9.6 
% and 37 % for CHP-Ex&C and CHP-BP configurations respectively. The 
EEE penalty for the two CHP configurations are about 14 % and 69 % 
respectively. 

Advanced heat integration greatly improves the situation. The EUF 
penalty is reported as a negative value for the CHP-Ex&C configuration, 
which means that EUF is improved in comparison to a case without CO2 
capture. This is due to about 17MWth of heat being recovered from the 
PCC process (EEE is not increased so significantly, since besides EOP of 
CO2 capture, additional power consumption is required for the heat 
pump to recover heat from DCC). For CHP-BP configuration, the EUF 
penalty and EEE penalty are both decreased with advanced heat re-
covery, but still positive value which means the EUF and EEE is still 
lower than for an equivalent plant operating without CO2 capture. 

Fig. 12 shows the effect of Ultra-high CO2 capture rate on the CHP 
performance under basic heat integration. It can be seen that for the two 
CHP configurations, the effect of higher CO2 capture rate is marginal. A 
similar trend is observed under advanced heat integration. In general, 
comparing the effect of heat recovery and ultra-high CO2 capture rate on 
CHP performances, the effect of heat recovery strategy is much more 
significant than choice of CO2 capture rate. 

Assessment of the carbon intensity of WtE facilities with PCC. 
As outlined in Section 2.3.3, in this work the carbon intensity of a 

WtE plant with PCC is evaluated on the basis of net direct CO2 emissions 
per unit of fuel input, per unit of electricity output and per unit of 
thermal output. 

3.3.3. Carbon intensity on the basis of fuel input 
The amount of MSW treated is assumed to be constant for all the 

investigated configurations, so the carbon intensity on the basis of fuel 
input only varies with the CO2 capture efficiency. For a MSW compo-
sition with a total carbon content of 250 kg per tonne of MSW, on wet 
basis, a biogenic carbon ratio of 60 %, an ash content of 222 kg/t MSW 
incinerated and a loss of ignition (LOI) of 10 %, total direct CO2 emis-
sions from fuel combustion are 891 kg/t MSW, of which 535 g CO2/kg 
MSW are of biogenic origin, and considered to be carbon neutral, and 
353 g CO2/kg MSW are of fossil origin. When the WtE is equipped with 
PCC, the amount of biogenic CO2 captured and permanently stored leads 
to ‘negative’ carbon emissions as presented in Table 5. 

3.3.4. Carbon intensity on the basis of electricity output 
Fig. 13 and Fig. 14 presents the carbon intensity on the basis of the 

net electricity output for the three investigated configurations of the 
WtE plant without and with PCC. Fig. 13 focuses on the effect of heat 
recovery and Fig. 14 focuses on the effect of the CO2 capture rate on the 
carbon intensity. 

The carbon intensity of the power only WtE facility without PCC 
modelled in this work is approximately 482 gCO2/kWhe, similar to the 
global average of 475 gCO2/kWhe reported by IEA [19]. This value is 
higher for CHP WtE facilities operating at higher heat to power ratios, 
since the net power output is smaller. For a CHP WtE with a back 
pressure steam turbine (i.e. highest possible heat to power ratio), the 
carbon intensity is approximately 907 gCO2/kWhe. Implementing CO2 
capture and permanent storage to a WtE plant considerably reduces the 
carbon intensity leading to net negative CO2 emissions. For example, the 
power-only WtE plant with CO2 capture in Fig. 13 removes between 960 
and 1010 gCO2 per kWh of exported electricity, with the variation in 
CO2 removal caused by the heat integration approach chosen. 

CHP WtE plants with PCC present a lower carbon intensity than 
power-only WtE plants for the same CO2 capture rate since the power 
output is lower. Advanced heat recovery introduces a higher power 
output penalty leading to a lower carbon intensity, as shown in Fig. 13. 
Increasing the capture rate leads to a real reduction in the carbon in-
tensity, as shown in Fig. 14, since the additional biogenic CO2 captured 
balances the relatively small increase in the power output penalty at 
higher CO2 capture levels. 

3.3.5. Carbon intensity on the basis of thermal energy output 
Adding PCC to a CHP WtE plant reduces the net useful thermal en-

ergy output for district heating. Fig. 15 presents the carbon intensity on 
the basis of the net thermal energy output for the two configurations of a 
CHP WtE plant at different CO2 capture rates. The absolute values of 
negative carbon intensity are higher for a CHP WtE plant operated at 
smaller heat to power ratios. Higher CO2 capture rate leads to higher 
negative CO2 emissions for the same amount of total fuel consumption in 
the WtE plant. Heat recovery reduces the absolute values of negative 
carbon intensity, since for the same amount of CO2 captured the thermal 
energy output significantly increases due to the heat recovered from the 
process. 

4. Conclusions 

This paper presents a series of modelling activities focussed on WtE 
plants integrated with PCC systems using 35 %wt monoethanolamine 
(MEA) aqueous solution. The overall process is modelled in gProcess 
software with the CO2 capture plant modelled in detail in ASPEN Plus, 
starting from a CCSI open-source steady-state model developed by the 
US DOE. A set of KPIs are identified and reported for performance 
assessment for each scenario considered in the analysis. Modelling sce-
narios are chosen to explore the potential of ultra-high CO2 capture and 
advanced heat recovery for CHP-type WtE plants using PCC. Results 
show that intercooling is necessary at the investigated lean loading to 
achieve the targeted ultra-high capture rate (99.72 % to achieve zero 
direct CO2 emissions). When compared with the 95 % capture base case, 
ultra-high capture levels have marginal impacts across all the relevant 
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metrics used in this paper indicating that ultra-high capture levels can be 
achieved in the WtE sector. 

This study also shows that WtE CHP plant performance with PCC is 
significantly improved by using advanced heat recovery from the PCC 
process. The advanced heat recovery configuration developed for this 
study is able to offset the energy penalty due to heat and power re-
quirements from the capture plant when advanced heat integration at 
99.72 % capture level is compared to basic heat integration at 95 % 
capture level. In the CHP-Ex&C configuration with advanced heat re-
covery, the EUF is higher than the same WtE plant without CO2 capture 
due to the substantial use of heat that would otherwise be wasted. 
Implementing PCC systems at WtE facilities considerably reduces the 
carbon intensity of these facilities. This study highlights the importance 
of careful considerations of carbon intensity metrics on different bases 
when the carbon intensity of WtE plants equipped with PCC are 
compared with other waste management options or with alternative 
sources of electricity and/or heat. The absolute amount of negative 
emissions of integrated WtE PCC systems only change when CO2 capture 
rate is changed. Some metrics reporting carbon intensity do, however, 
change significantly between cases due to changes in net power and/or 
heat output. For example, with advanced heat recovery, the system is 
reported to have the lowest carbon intensity on electricity basis, but the 
highest carbon intensity on thermal basis. It is, therefore, important that 
a comprehensive set of performance metrics is used when WtE PCC 
systems are compared with other negative emissions technologies. 
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Appendix 2. . Design and operating parameters of the reference WtE plant   

Unit gProms modelling 
LHV kJ/kg 9300 
Waste throughput t/h 19.4 
Primary air into boiler ℃ 135 
Primary air mass-flow kg/s 19.7 
Primary air preheating (external) MW 1.7 
Secondary air into boiler ℃ 50 
secondary air mass-flow kg/s 8.5 
Secondary air preheating (external) MW 0 
Total air preheating from steam cycle MW 1.7 
Boiler Live steam Temperature ℃ 400 
Boiler Live steam pressure bar 40 
Boiler Live steam mass flowrate kg/s 18.2 
FW return Temperature ℃ 137 
FW return Pressure bar 80 
FW return mass flowrate kg/s 18.2 
Flue gas Temperature ℃ 136 
Flue gas pressure bar 1 
O2 concentration in the flue gas  6.12 % 
Boiler efficiency  88.0 % 
Total thermal input MW 55.6 
Gross power output (w/o Carbon capture) MW 15.7  

Appendix 3. . MSW ultimate composition (as received) based on sampling in March 2019  

Analyte Units Results 
Moisture % Wt  35.04 
Ash % Wt  22.19 
Gross CV MJ/kg  10.87 
Net CV MJ/kg  9.26 
Oxygen % Wt  13.53 
Carbon % Wt  25.02 
Hydrogen % Wt  3.19 
Nitrogen % Wt  0.66 
Sulphur % Wt  0.09 
Chlorine % Wt  0.28  
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Roadmap Europe: combining district heating with heat savings to decarbonise the 
EU energy system. Energy Policy 2014;65:475–89. https://doi.org/10.1016/j. 
enpol.2013.10.035. 

[8] Dan G. Chapel, C. L. M., John Ernest. Recovery of CO2 from flue gases, Commercial 
trends, Canadian Society of Chemical Engineers Annual Meeting. 1999. 

[9] Danaci D, Bui M, Petit C, Mac Dowell N. En route to zero emissions for power and 
industry with amine-based post-combustion capture. Environ Sci Technol 2021;55 
(15):10619–32. https://doi.org/10.1021/acs.est.0c07261. 

[10] De Greef J, Verbinnen B, Van Caneghem J. Waste-to-energy: coupling waste 
treatment to highly efficient CHP. Int J Chem Reactor Eng 2018;16(10). https:// 
doi.org/10.1515/ijcre-2017-0248. 

[11] Eboh FC, Ahlström P, Richards T. Evaluating improvements in a waste-to-energy 
combined heat and power plant. Case Stud Therm Eng 2019;14. https://doi.org/ 
10.1016/j.csite.2019.100476. 

[12] Gao T, Selinger JL, Rochelle GT. Demonstration of 99% CO2 removal from coal flue 
gas by amine scrubbing. Int J Greenhouse Gas Control 2019;83:236–44. https:// 
doi.org/10.1016/j.ijggc.2019.02.013. 

[13] Gibbins J, Lucquiaud M. BAT Review for New-Build and Retrofit Post-Combustion 
Carbon Dioxide Capture Using Amine-Based Technologies for Power and CHP 
Plants Fuelled by Gas and Biomass as an Emerging Technology under the IED for 
the UK, UKCCSRC Report, Ver.1.0, July 2021. (https://ukccsrc.ac.uk/best-availab 
le-technology-bat-information-for-ccs/). 2021. 

[14] GIOUSE F, RAVACHE E, MOUTTE L, LOUIN L, PARMENTIER E, WATIEZ K. 
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