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Exploring impacts of deployment sequences of industrial mitigation 
measures on their combined CO2 reduction potential 

Brendon de Raad a,b,*, Marit van Lieshout a, Lydia Stougie b, Andrea Ramirez b 

a Knowledge Centre Sustainable Port Cities, Rotterdam University of Applied Sciences, the Netherlands 
b Department of Engineering Systems and Services, Delft University of Technology, Delft, the Netherlands    

1. Introduction 

The industrial sector has to halve its CO2 emissions by 2030 to 
mitigate human-induced climate change [1,2]. Decarbonizing heat 
sources and implementing energy efficiency measures have the potential 
to reduce the sector’s overall CO2 emissions by 80% [2]. Several studies 
have explored the reduction potential of individual measures. For 
instance, Yáňez et al. [3] calculated the expected CO2 reduction po-
tential of twenty energy efficiency measures in the Colombian oil in-
dustry. Similarly, Hasanbeigi et al. [4] identified twenty-three energy 
efficiency improvements for the Chinese cement industry. In these 
studies, the combined CO2 reduction potential is the sum of the potential 
of the individual measures. The impact of plausible interactions between 
these measures is assumed to be covered by taking conservative esti-
mates and working with ballpark estimates [3,5]. However, these 
methods may be insufficient, as interactions between measures could 
have a severe impact [6]. 

A portfolio of mitigation measures is commonly not deployed 
simultaneously due to, among others, limited resources [7]. The 
sequencing of these measures is often based on a Marginal Abatement 
Cost Curve (MACC), which is a well-known approach for evaluating and 
identifying cost-effective options [8–11]. However, this approach has 
some limitations. For instance, it does not consider the effects of tem-
poral dynamics and interactions between measures [12]. As a result, 
incremental CO2 reductions by a new measure might be (partially) 
negated. Berghout et al. [13] worked around these limitations by adding 
a bottom-up analysis and studied interactions between short and 
medium-term mitigation measures. The authors report no significant 
interactions between energy efficiency measures and other CO2 reduc-
tion measures. Wiertzema et al. [14], however, found strong CO2 
emission reduction trade-offs when focusing on a specific set of energy 
efficiency measures, namely heat integration measures. 

One heat integration measure that is increasingly gaining interest in 
the industrial sector is a heat pump [15,16]. This emerging 

high-potential waste heat technology is often among the most 
cost-competitive CO2 reduction technologies and is therefore likely to be 
among the first to be deployed [17]. However, the performance of a heat 
pump is defined by the processes it is connected to and these conditions 
may change with the deployment of other CO2 reduction measures [18]. 
Therefore, a stand-alone assessment of heat pumps is likely to give an 
unjust representation of its contribution to the combined CO2 reduction 
potential. 

This research examines how the deployment sequence of mitigation 
measures affects their combined CO2 reduction potential in a biodiesel 
plant. The emphasis is on the interaction between heat integration 
measures, energy efficiency measures, and measures that decarbonize 
heat sources. A better understanding of the impact of the deployment 
sequence is needed to make more realistic estimates of the combined 
CO2 reduction potential in the industrial sector, to identify effective 
deployment sequences of CO2 mitigation measures, and to avoid lock-ins 
that prevent further decarbonization. 

2. Method 

The impact of process changes on the performance of heat integra-
tion measures, such as heat pumps, was assessed by studying future 
plant layouts. The approach consists of three steps: 1. exploration of 
future plant layouts, 2. assessment of heat pump opportunities, and 3. 
analysis of deployment sequences. 

2.1. Exploration of future plant layouts 

Interactions between different types of mitigation measures were 
explored by dividing the plant into a reaction section, a separation 
section, a waste heat recovery section, and a power section (Fig. 1) [19]. 
CO2 mitigation measures were identified for each section based on a 
literature review. 

In light of the approaching 2030 reduction target, CO2 mitigation 
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measures with a Technology Readiness Level of at least 7 were 
considered. 

The resulting list of CO2 mitigation technologies was qualitatively 
ranked per process section. The ranking was based on the expected en-
ergy savings. A minus symbol (− ) indicates an expected increase in 
heating requirements, a zero (0) was assigned when no significant 
changes are expected, while a plus symbol (+) reflects a decrease in 
heating requirements. The number of symbols represents the relative 
impact of the expected changes. The technologies with the highest in-
dividual positive impact per section were selected for the assessment of 
heat pump opportunities. The resulting layouts enabled the assessment 
of the sole deployment of each technology, the combination of process 
improvements, the combination of each technology with a heat pump, 
and a combination of process improvements with a heat pump. 

2.2. Assessment of heat pump opportunities 

The heat pump is placed across the pinch point to effectively reduce 
net heating requirements [20,21]. The pinch point was identified with 
the help of pinch analysis [22,23]. In this assessment, the heat pump was 
coupled to the hot (in surplus of heat), and cold (in demand of heat) 
streams closest to the pinch, with a thermal duty of at least 10% of the 
total heating requirements. These streams were identified by using the 
software named PinchAnalysis [24]. Here, the thermal requirements of 
the main streams (top 90%) of the process were used as input. The 
specific heat of the media in these streams was assumed to be constant, 
as the operational data showed no deviation larger than 10%. Heat 
integration was limited with a minimal temperature difference of 10 ◦C 
[23]. The minimal temperature driving force for the heat pump was 

neglected. Grand composite curves (GCC) were used to size the heat 
pump, as in Fig. 2 [20,22,25]. The heat from a cold reservoir (QL) is 
pumped to the temperature level of the high-temperature sink, where at 
this high-temperature heat (QH) is transferred to the hot sink. QH is the 
sum of QL and the work (W) added by the heat pump. 

The performance of the heat pump was expressed in the Coefficient 
of Performance (COP), which is calculated with COP = Qh/W. For an 
ideal (Carnot) heat pump, this simplifies to TH/(TH − TL), where TH is 
the temperature of the heat sink and (TH − TL) the required temperature 
lift by the heat pump. An efficiency factor (μ) is required to calculate the 
non-ideal COP. A factor of 0.55 is used in this assessment, which is 
common for a mechanical heat pump [26,27]. 

2.3. Analysis of deployment sequence 

All sequence variations of process changes that affect the heat inte-
gration potential are explored based on the results of the two previous 
steps and the conversion of heat and electricity consumption to CO2 
emissions. Process changes that did not affect the heat integration po-
tential were exempted from this analysis for clarity of results. Emissions 
from heat consumption were based on a well-to-wheel emission factor of 
natural gas of 56.4 kg/GJ and a gas-fired boiler efficiency of 95% [28, 
29]. The emissions related to electricity generation were calculated 
based on the expected well-to-wheel CO2 emissions of the Dutch elec-
tricity grid, which averages at 0.569 kg/kWh between 2020 and 2029 
[30]. Yearly operating hours were taken at 8760. 

3. Plausible future layouts of a biodiesel production plant 

The biodiesel production plant was selected as a case study because it 
represents a typical production plant in the industrial sector with 
moderate operational temperatures, CO2 emissions strongly linked to 
heating requirements, and a relatively simple plant layout. 

3.1. Process description 

The most common route to produce low-carbon biodiesel is by 
converting oil triglycerides into fatty acid methyl esters (FAME) [31]. 
This conversion is commonly enabled by transesterification with 
methanol (molar ratio 5.5:1) and a homogeneous base catalyst (~1 wt% 
NaOH) [32]. For this process, a plant design is available from Air Liq-
uide, as presented in Fig. 3 [32,33]. This plant layout was used as the 
reference case. The process starts with removing gums, phosphatides, 
and soaps from the crude oil in a reactor at 45 ◦C. Hereafter, the 
degummed oil is deacidified in a distillation column operating at about 
240 ◦C. The neutralized oil is added to two cascaded continuously stirred 
reactors with two sedimentation tanks operating at temperatures be-
tween 50 ◦C and 60 ◦C (separators 1 and 2 in Fig. 3). Here, FAME and 
glycerol, are separated. After a second sedimentation tank, by-products 
are neutralized and the FAME (<5 wt% water) is washed off. After 
washing, the FAME is dried to the required product quality. The excess 
methanol together with the washing water and contaminants are added 
to the glycerol-methanol mixture from the bottom of the sedimentation 
tanks. Methanol is recovered from this combined tank in a distillation 
column with a reboiler temperature of 110 ◦C. From the top stream, 
nearly pure methanol is extracted at a temperature of about 60 ◦C. This 
stream is combined with fresh methanol and catalyst before re-entering 
the reactor. The bottom stream, mainly glycerol and water, is dried in a 
series of drying columns until reaching the required product quality. The 
evaporated water is reused in the washing tower [31,32,34]. 

3.2. Exploration of future plant layouts 

Possible CO2 mitigation technologies for the biodiesel production 
plant with a TRL of at least 7 that could be placed alongside the heat 
pump in the heat recovery section are summarized in Table 1. The 

Fig. 1. Onion diagram by Douglas [22] adapted to divide production plants 
into connected sections. 

Fig. 2. Integration of a single source heat pump in a grand composite curve -.  
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Fig. 3. Plant layout of the reference case (L1) based on the Air Liquide design [32]. The top-left area is defined as the reactor section and the bottom right area is the 
separation section. 

Table 1 
Considered technologies for each section of the biodiesel production plant and their expected energy savings per section-  

Sections Technology Expected effects on heating requirements Expected overall 
reduction in heating 
requirements 

TRL Reference 

Reaction Homogeneous sour catalyst instead of 
the current homogeneous base catalyst. 

(+) there is no production of soap which results in a slightly higher 
conversion rate 
(–) Requires higher methanol: oil ratio by a factor of 5, thereby 
increasing heating requirements 
(− ) operational temperature increases from 58 ◦C to 110 ◦C, which is 
above the pinch and thus increases overall heat demand 

– 8–9 [35–38]  

Heterogeneous catalyst basic instead of 
the current homogeneous base catalyst. 

(+) catalyst (solid) separation via filtration, reduces the amount of 
water required for washing 
(–) Increased methanol: oil ratio by a factor of 3, thereby increasing 
heating requirements 

– 8–9 [39,40]  

Heterogeneous catalyst sour instead of 
the current homogeneous base catalyst. 

(+) catalyst (solid) separation via filtration, this reduced the required 
amount of water for washing 
(–) Increased methanol: oil ratio by a factor of 3, thereby increasing 
heating requirements 
(− ) the operational temperature increases to 110 ◦C, which is above 
the pinch and thus increases overall heat demand 

– 8–9 [40,41]  

membrane reactor with methanol- 
recycling instead of the ambient 
pressure CSTR. 

(+) higher conversion rate (about 3%), lower specific heat 
consumption 
(+) purer downstream products, therefore, requiring less separation 
(++) about 75% less methanol of the methanol-rich stream must be 
recovered as it can be recycled 

++ 7–8 [42–44] 

Separation Membrane separation unit instead of 
sedimentation tanks. 

(0) Speed up separation, but as sedimentation has no heating 
requirement, there are no impacts on the heat balance 

0 7–9 [45]  

Membrane separation unit instead of 
the water washer. 

(+) Requires no water from water washing thereby avoiding drying 
requirements (expected reduction 100% reduction of local heating 
requirements, about 5% of total heating requirement) 

+ 7–9 [36, 
46–50]  

Divided wall column to replace the 
methanol recovery and glycerol drying 
column. 

(++) Integration of methanol and glycerol recovery reduces reboiler 
loads (expected reduction of 30% of local heating requirements, about 
20% of total heating requirement) 

++ 8–9 [51–53] 

Power The use of low carbon fuels in the 
current natural gas boiler. 

(–) increased heating requirements above the pinch for reforming and 
separation processes 

– 9 [54,55]  

E-boiler instead of the gas-fired boiler. (+) lack of primary energy being lost to flue gasses increases overall 
heat requirement by about 5% 

+ 9 [56]  

Feed the current boiler with recycled 
process gas from the anaerobe water 
cleaning. 

(+) reduced need for natural gas (1% of total heating requirements) 
(− ) increased heating demand due to the need for scrubbing 

0 9 [57]  
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following technologies were selected based on the reduction in expected 
heating requirement per section (fourth column of Table 1):  

1. a membrane reactor with methanol-recycling as an alternative 
technology for the reactor section,  

2. a divided wall column for the glycerol stream for the separation 
section,  

3. an e-boiler for the power section. 

The basis for the overall assessment was an energy and mass balance 
of the main streams of the biodiesel production plant (layout 1). The 
presence of unreacted products and other contaminants, like free fatty 
oils, were omitted. The resulting model was calibrated using industrial 
process data. Layout 2 is the layout that results after deployment of the 
heat pump in layout 1. 

3.2.1. Plant layouts 3 and 4: modifications in the power section 
The natural gas-fired boiler was replaced by an e-boiler in layout 3. 

The process flow diagram of this layout is the same as the reference case 
(Fig. 3.) since no heat from the flue gas section is directly transferred to 
the production process. Hence, the energy and mass balances of the first 
layout remained unchanged from the reference case, just as the heat 
integration potential. The addition of a heat pump results in layout 4. 

3.2.2. Plant layout s 5 and 6: modifications in the separation section 
The methanol-recovery column and the glycerol-drying column of 

the reference case were replaced by a divided wall column in layout 5, 
which separates the column feed into three nearly pure streams, namely: 
methanol at the top, water in the middle, and crude glycerol at the 
bottom (Fig. 4). This column was based on a design by Kiss et al. [42,52, 
53], and operates at a pressure of 0.5 bar, with a reflux ratio of 0.83 and 
a feed stream temperature of 60 ◦C. The concentrations of the feed were 
taken from the process data. The thermal duty of the condenser was 
estimated based on the reflux rate (RR), the heat of evaporation (Δhevap), 
and the methanol distillate rate (φm,d) using equation (1). 

Qcond =(1+RR) ⋅ Δhevap⋅φm,d (1) 

The requirements for evaporating the water fraction (equation (1) 
with a reflux rate of zero) and preheating the glycerol and water fraction 

were considered to determine the duty of the reboiler. The amount of 
energy required for preheating was calculated with equation (2), where 
the required duty to heat the species (Q̇) is the product of the mass flow 
(ṁ), the specific heat of the species (cp) and the temperature difference 
(ΔT). The average operating temperature was based on the model by 
Kiss and Ignar at 105 ◦C [53]. After the condenser, methanol is at the 
appropriate temperature to be sent back into the reactor. The water 
stream was condensed and cooled back to 50 ◦C before entering the 
washing column. The glycerol was cooled down to a temperature of 
30 ◦C. The available heat in these coolers and condensers was calculated 
using equations (1) and (2). Note that as the glycerol and water leave the 
column in separate steams, the glycerol drying step needed in layout 1 
could be omitted. The addition of a heat pump makes for layout 6. 

Q̇= ṁ⋅cp⋅ΔT (2)  

3.2.3. Plant layouts 7 and 8: modifications to the reactor section 
A membrane reactor with methanol-recirculation is used for the 

transesterification process in layout 7. The reactor design is based on the 
work by Cao et al. [42] and operates at 65 ◦C. The reactors, post reactor 
coolers, and their separation tanks were omitted. The resulting process 
flow diagram is presented in Fig. 5. The increase in conversion efficiency 
of about 2% is expected to have a negligible effect on the energy and 
mass balances [36,43]. After the reactor, the product is cooled down to 
15 ◦C and separated in a sedimentation tank. The available heat in the 
cooler was calculated with equation (2), assuming a specific heat ca-
pacity of the mixture of 2.13 kJ/kg K. The upper, FAME-rich stream, 
consists only of FAME and methanol (molar ratio of 10:1), which is 
comparable with the current flow composition [42]. The FAME-rich 
phase is brought to market specifications by washing and drying. The 
design of the wash column was left unchanged, as the concentration of 
methanol in the stream is comparable with the reference case. The 
methanol and water used in this process are fed in the 
methanol-recovery column. Only 75 wt% of the total methanol-rich 
(>70 wt% methanol) phase was recycled into the reactor to limit the 
accumulation of glycerol [42]. Before entering the reactor, this stream 
was brought back to the reaction temperature. This heating requirement 
was calculated using equation (2). The remaining 25% of the 
methanol-rich stream is mixed with the waste products of the FAME 
purification process and led to the methanol-recovery column. The 

Fig. 4. Plant layout of the plant with a divided wall column (L5).  
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recycling of methanol results in a lower flux of methanol compared to 
the reference case. Therefore, the reboiler and condenser of this layout 
were redesigned based on equation (1) but using the same reflux rate as 
in the reference case, i.e., 1.2. The reboiler duty was estimated as the 
sum of the condenser duty and the required heat for preheating (equa-
tion (2)). The addition of a heat pump makes for layout 8. 

3.2.4. Plant layouts 9 and 10: modifications to the separation and reactor 
section 

In this layout, a membrane reactor was introduced together with a 
divided wall column. The resulting process flow diagram is depicted in 

Fig. 6. Here, the process units were modelled in the same way as in the 
plant layouts 5 and 7. The addition of a heat pump makes for layout 10. 

4. Results 

Interactions between the process changes are elucidated by first 
covering the impacts individual and combined measures had on the heat 
integration potential of the biodiesel production site in section 4.1. 
Section 4.2 explores the impact of the deployment sequence on the 
combined CO 2 reduction potential. 

Fig. 5. Plant layout of the plant with a membrane reactor (L7).  

Fig. 6. Plant layout of the plant with a divided wall column and a membrane reactor (L9).  
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4.1. Assessment of heat pump opportunities 

The grand composite curves (GCCs) of all layouts discussed in 
chapter 3 are depicted in Fig. 7 A-H. These graphs show the changes in 
thermal requirements resulting from deploying the CO2 mitigation 
measures. From Fig. 7A, it can be derived that 2.4 MW of heat was 
required to operate the current plant layout (L1). The highest temper-
atures were required by the deacidification process of the crude oil 
before it entered the reactor at about 250 ◦C. Nevertheless, most heat 
(1.9 MW) was required around 110 ◦C to evaporate the methanol in the 
reboiler of the methanol-recovery column. The pinch was formed at 
about 100 ◦C by the FAME drying process. This pinch extends to a near 
pinch at about 60 ◦C, where the condensation heat of the methanol (1.4 
MW) from the same recovery column became available. The reboiler and 
condenser of this column were taken as the sink and source for a heat 
pump. Their location in the T-H diagram is indicated by the dotted line. 
The effect of connecting these streams with this heat pump is depicted in 
Fig. 8B (L2). Connecting these streams required 0.4 MW. The GCC of 
Layout 2 (L2) shows that another heat pump could save an additional 
0.25 MW. The GCC also holds for layouts 3 and 4, where the e-boiler 
replaced a natural gas-fired boiler. 

The deployment of the divided wall column reduced heating re-
quirements to 1.8 MW in layout 5 (Fig. 7C). This reduction aligns with 
the expected savings reported by Kiss et al. of 20–30% [51]. Most heat 
(1.6 MW) was required at a temperature of about 260 ◦C in the reboiler 
of the column set by the evaporation temperature of glycerol at 0.5 bara. 
The GGC shows a near pinch at 240 ◦C, where heat was required for the 
deacidification process. This near pinch extends via a pocket until the 
actual pinch temperature of about 100 ◦C is formed by the FAME drying 
process. The water condenser, 0.2 MW at about 75 ◦C, and the methanol 
condenser 1.3 MW at about 50 ◦C of the divided wall column were the 
most noticeable cooling loads below the pinch. The total cooling re-
quirements, in this layout, were larger than those in the reference layout 
as exit streams were modelled to be cooled to environmental conditions. 
Due to the relative size and the location near the pinch, both the reboiler 
and the condenser of the divided wall column were potential sinks and 
sources for the heat pump. Nonetheless, as the temperature of the 
reboiler exceeded the operational range of current heat pump technol-
ogies (condenser temperatures of over 250 ◦C and a temperature lift of 
about 200 ◦C [58–60]), this case had no feasible heat pump solution. 
Neither were there other significant heat sinks to which a heat pump 
could be connected. Hence, layout 6 was declared infeasible (Fig. 7D). 

The deployment of the membrane reactor reduced the heating 
requirement to 1.9 MW in layout 7 (Fig. 7E). This reduction is due to the 
reduced mass flow through the methanol-recovery column, whose 
reboiler duty was reduced to 1.5 MW. The effect is however limited, as 
most of the methanol stream originated from the wash column and the 
FAME dryer. These streams were contaminated with water, so they 
could not be recycled and had to be directly fed to the recovery column. 
The pinch temperature was again formed by the FAME dryers at about 
100 ◦C and most cooling requirements were from the column’s 
condenser (1.1 MW). The heat pump of layout 8 transferred heat from 
the column’s condenser to its reboiler and reduced heating requirements 
to 0.5 MW, whilst it required 0.4 MW (Fig. 7F). 

The introduction of both the membrane reactor and the divided wall 
column in layout 9 reduced heating requirements to 1.7 MW (Fig. 8G). 
Most of the heat was required in the reboiler of the divided wall column 
to 260 ◦C. This duty was reduced to 1.3 MW by recycling the methanol- 
rich stream. The largest cooling requirements stemmed from the divided 
wall columns methanol and water condensers, at 1.1 MW and 0.2 MW, 
respectively. The heat integration pocket that was formed in Layout 5 is 
negated by the introduction of the membrane reactor. As a result, a small 
heat pump could be installed to future reduce heating requirements to 
1.5 MW in layout 10 (Fig. 7H). About 0.1 MW is needed to operate the 
heat pump. The pinch temperature is again around 100 ◦C, showing 
pinch-stability for all layouts, though the adjacent heat sinks and sources 

change in temperature. 

4.2. Analysis of the deployment sequence 

The energy consumption and the yearly CO2 emissions of the ten 
layouts are presented in Table 2 and visualized in Fig. 8. They show that 
the deepest cuts in total emissions, from 4.6 to 2.5 kt/a, are achieved 
when the deployment starts with the membrane reactor, followed by the 
divided wall column and thereafter the heat pump. The deployment of 
an e-boiler should be avoided with the assumed carbon intensity as it 
increases heating emissions by a factor of 2.7. The deployment sequence 
should also preferably start with a membrane reactor when only emis-
sions from natural gas combustion are accounted for. The sequence 
should continue with the deployment of a heat pump and end with an e- 
boiler to fully avoid emissions from natural gas combustion. Inverting 
the deployment sequence would likely result in the same reduction with 
an over-dimensioned heat pump and e-boiler. A sole e-boiler would be 
able to achieve the same results at the cost of high CO2 emissions from 
electricity generation. 

The membrane reactor (MR), the divided wall column (DWC), and 
the heat pump (HP) are used to build the six deployment sequences 
presented in Fig. 8, as they affect the heat integration potential of the 
production plant. The e-boiler is excluded as it does not. Each of the 
deployment sequences of Fig. 8 starts with the 4.6 kt/a of CO2 emissions 
caused by using natural gas in the reference layout (L1). Fig. 8A shows 
that emissions from natural gas are cut by 3.5 kt/a to a value of 1.1 kt/a 
when a heat pump is deployed. However, a large part of this reduction is 
counterbalanced by an increase in emissions from electricity generation, 
which makes the total yearly CO2 emissions of layout L2 equal to 3.3 kt/ 
a. Further to the right in graph 8 A, it is shown that a large part of the 
reduction accomplished by the heat pump is undone when a divided 
wall column is introduced, as the combination of both measures is 
infeasible. In this case, after the wall column, a membrane reactor is 
then applied which reduces the CO2 emissions to a final 3.1 kt/a. 

The deployment of a heat pump followed by a membrane reactor 
(Fig. 8B) results in a combined reduction of 3.7 kt/a in emissions from 
natural gas, whilst emissions from electricity generation are reduced by 
0.5 kt/a to 1.7 kt/a. If this is followed by the deployment of a divided 
wall column an infeasible solution results after which the heat pump 
must be discarded whilst the membrane reactor and the divided wall 
column can stay. This interaction is also apparent in the second and last 
step of the deployment sequences of Fig. 8C and F, respectively, which 
implies that the divided wall column and the heat pump as designed for 
Layout 1 are mutually exclusive. The deployment sequences of Fig. 8d-e 
do not show negating of previously achieved reductions. Both sequences 
achieve the deepest cuts in total emissions by reducing total energy 
related CO2 emissions by 2.1 kt/a, which is 58% of the expected com-
bined CO2 emissions reductions based on the stand-alone performance 
of the membrane reactor (1 kt/a), the divided wall column (1.3 kt/a) 
and the heat pump (1.3 kt/a), respective layouts 2, 5 and 7 in Table 2. 

The CO2 reduction potentials displayed in Fig. 8A–C and Fig. F. show 
that the deployment sequence significantly affects the contribution of 
the heat pump. Whereas Fig. 8D and E shows that for other measures the 
deployment sequence is of lesser importance. Though, the combined 
CO2 reduction potential of the membrane reactor (1 kt/a) and the 
divided wall column (1,3 kt/a) is reduced to a combined CO2 reduction 
of 1.5 kt/a (65%). The heat pump’s CO2 reduction is least impacted 
(− 15%) by the deployment of the membrane reactor, as the reactor only 
indirectly affects the heat pump connections. The deployment sequence 
of the heat pump and the membrane reactor does not affect this 
outcome, which indicates that the deployment sequence is of lesser 
importance when the process change is not to the heat pump connec-
tions. The deployment sequence has a more significant impact when the 
process connections of the heat pump are altered by the divided wall 
column. The increase in the required temperature lift makes the heat 
pump solution infeasible. The deployment sequence does not matter in 

B. de Raad et al.                                                                                                                                                                                                                                



Energy 262 (2023) 125406

7

Fig. 7. Grand composite curves of the ten plausible plant layouts after the deployment of the mentioned process changes, a heat pump (HP), a divided wall column 
(DWC), and a membrane reactor (MR), in the order mentioned in the title of the graphs. 
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the mutual exclusive case. The deployment sequence is of utmost 
importance when the heat pump, the divided wall column, and the 
membrane reactor are combined. Fig. 8 shows that unless the divided 
wall column and the membrane are deployed before the heat pump 
(Fig. 8D and E) an already deployed heat pump must be discarded. 
However, only 42% of the stand-alone CO2 reduction potential of the 
three technologies will be realized. The introduction of an e-boiler did 
not impact the operational conditions of the other process changes, but 
it increased the carbon intensity of heat (i.e., kt of CO2/MWh) and 

thereby increased their reduction potential. 

5. Discussion 

The selection and modelling of technologies is a key factor in this 
assessment, as a different selection of measures from Table 1 is likely to 
have an impact on the presented results, just as better system integration 
(e.g., further lowering the operating pressure in the divided wall column 
to lower its operational temperatures), allowing multiple heat pump 

Fig. 8. Decomposition graphs of the six different deployment sequences. Changes in the amount of CO2 emissions from natural gas combustion and electricity 
generation are presented in the curve. Note that not all layouts require electricity to operate and thus do not have to account for emissions from electricity generation. 
At each step, the process change mentioned on the x-axis is deployed, i.e., a heat pump (HP), a divided wall column (DWC), and a membrane reactor (MR). 
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sinks and sources and technological progress (e.g., the availability of 
heat pumps with a higher condenser temperature which can be com-
bined with a divided wall column) could also lead to different results. It 
is however important to highlight that the focus of this study was not on 
finding the optimal solution for the case study, but rather on exploring 
whether sequencing would impact the results. In this context, the 
selected technologies proved to be a good selection as they covered the 
entire range from marginal to disruptive effects and changed the heat 
pump connections both directly and indirectly. 

The assumption that the expected carbon intensity of the Dutch 
electricity grid will average at 0.569 kg/kWh between 2020 and 2029 
has a significant impact on the performance of an e-boiler and a heat 
pump and favours non-electrification measures. The performance of the 
heat pump and the e-boiler drastically increases with the expected 
halving of the well-to-wheel CO2 emissions in 2030. The total energy- 
related CO2 emissions from a sole heat pump would then reduce to 2.2 
kt/a, which is 0.3 kt/a less than the current best option at 2.4 kt/a. The 
combination of the heat pump with the membrane reactor would be the 
best option in this future scenario with net yearly emissions of 1.8 kt. 

The different levels of interactions have implications for the usability 
of sequencing tools, like a MACC. Even with the weakest interactions, 
those between the divided wall column and the membrane reactor, very 
conservative estimates are required to provide a good enough basis for 
the deployment of changes to the reaction and separation section, as 
only 65% of the stand-alone CO2 emission savings were realized when 
the membrane reactor (1 kt/a) was combined with the divided wall 
column (1.3 kt/a) and a total savings of 1.5 kt/a was realized. Changes 
in the power section will have a similar impact and scale the savings of 
other technologies with the ratio of the new carbon-intensity to the 
previous carbon-intensity of the energy carrier. Stronger interactions 
were found between the waste heat recovery section and the separation 
section, where the heat pump was connected to the distillation column 
that was replaced by the divided wall column. The mutual exclusivity of 
these measures, based on the technically impossible heat delivery tem-
perature of the heat pump, resulted in the nullifying of the heat pump’s 
savings potential. 

6. Conclusions and recommendations 

This study aimed to show how the deployment sequence of CO2 
mitigation measures affects their combined CO2 reduction potential. The 
results of the case study show that the deployment sequence severely 
impacts the combined CO2 reduction potential when heat integration 
measures are considered with other heat-related process changes. 
Especially when changes to the process connections of the heat inte-
gration measures are considered. The deployment sequence of process 

changes in the reaction and separation section did not affect their 
combined CO2 reduction potential. 

Detrimental effects on the combined CO2 reduction potential were 
found for process changes in the reaction, separation, and waste heat 
recovery section. The impact of these effects ranged from a significant 
reduction that could be overcome with conservative estimates when 
combining technologies in the reaction and separation section (− 35%) 
to a technology lock-in that hindered further decarbonization when 
considering heat integration measures. 

Decarbonizing heat sources with an e-boiler did not affect the energy 
and mass balance and therefore not the heat integration potential of the 
production plant. From a technical point of view this technology should 
be deployed last to avoid over dimensioning. The e-boiler did change the 
CO2 reduction potential of the other measures, as it increased the 
carbon-intensity of the heat sources. 

Not considering the impact of the deployment sequence on the 
combined CO2 reduction potential of mitigation measures can have a 
significant impact. This was demonstrated by the mutual exclusivity of 
the heat pump and the divided wall column and the formation of new 
heat pump opportunities by deploying a membrane reactor together 
with a divided wall column. Sequencing approaches, like the MACC, 
must take these interactions into account and be careful when 
combining measures. A MACC should only be applied under very 
stringent conditions and exceptions and always consider the possibility 
of detrimental effects. Conservative estimates may be enough when 
combining process changes in the reaction and separation section, but 
new methods need to be developed for the combined assessment with 
process changes to the waste heat recovery section, especially when 
changes to the process connections of the waste heat technology are 
considered. 
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Table 2 
Comparison of layouts on their heat and electricity and related CO2 emissions. Technology none (L1) presents energy and related emissions for the reference case, and 
heat pump (L2) presents the energy consumption after the installment of a heat pump. The same holds for the following technology options on the list. Scope 1 savings 
can be calculated by comparing emissions in the fourth column. Scope 2 savings can be derived from the sixth column. – table width: 2 columns.  

Technology Heating requirements 
(Qreq) [MW] 

Electricity 
requirements [MW] 

CO2 emissions from natural 
gas combustion [kt/a] 

CO2 emissions from 
electricity generation [kt/a] 

Total energy related CO2 

emissions [kt/a] 

none (L1) 2.4 0 4.6 0 4.6 
heat pump (L2) 0.6 0.4 1.1 2.2 3.3 
e-boiler (L3) 2.4 2.4 0 12.2 12.2 
e-boiler + heat pump (L4) 0.6 0.4 0 5.1 5.1 
divided wall column (L5) 1.8 0 3.3 0 3.3 
divided wall column + heat pump 

(L6) 
Infeasible solution 

membrane reactor (L7) 1.9 0 3.6 0 3.6 
membrane reactor + heat pump 

(L8) 
0.5 0.4 0.9 1.7 2.6 

membrane reactor + divided wall 
column (L9) 

1.7 0 3.1 0 3.1 

membrane reactor + divided wall 
column + heat pump (L10) 

1.5 0.0 (30 kW) 2.4 0.1 2.5  
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