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Abstract: This paper estimates the costs of CO2 post-combustion capture for two refineries by comparing 
different alternatives for supplying the heat needed for the regeneration of the absorbent. The cost of capture 
ranges from 30 to 472 €/ tCO2 avoided, depending on technology choice for heat supply and energy penalty for 
the CO2 separation. In this study, it is concluded that process integration leads to a reduction in avoidance costs. 
However, the avoidance cost depends greatly on which system perspective is considered, i.e. whether CO2 
emission changes outside the refinery are included or not.   
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1. Introduction 

The oil refining industry generates large amounts of CO2 emissions. Today and in the future, 
harder regulations (e.g. the EU ETS system and the Renewable Energy Directive) both on 
CO2 emissions from the refinery process and on the refinery products will give new incentives 
for the oil refining industry to act towards CO2 mitigation measures. However, the process 
structure of a refinery implies that even a perfect, energy-efficient refinery will continue to 
emit significant amounts of CO2. Carbon Capture and Storage (CCS) is an alternative that can 
further reduce CO2 emissions from the oil refining process. The interest in CCS has grown 
over the past years, among researchers as well as companies. Different capture technologies 
are possible: post-combustion, oxy-fuel combustion, chemical looping and pre-combustion. 
However, post-combustion is the most studied technology and is chosen in this paper as a 
promising technology since it does not require any extensive rebuilding of the existing 
refinery. Several previous studies have evaluated the costs for CCS at refineries [1-3], but 
none has been found that has investigated the costs with different heat supply options in 
combination with future energy market scenarios. Therefore, the aim of this paper is to 
examine how the avoidance costs for CO2 in refineries are affected by different heat 
integration possibilities and future energy market scenarios.  
 
In this paper, the CO2 avoidance cost for post-combustion carbon capture, with mono- 
ethanolamine (MEA), is evaluated at two case refineries in the Skagerrak region. The oil 
refining industry is rather complex and therefore often offers opportunities for process 
integration which can facilitate substantial cost reductions for the heat supply. In this paper, 
possibilities to use excess heat from the main process to supply heat to the desorption unit, 
with or without the need of a heat pump, are evaluated as well as integration of a Natural Gas 
Combined Cycle (NGCC), a natural gas boiler and a biomass boiler. Also combinations of 
these alternatives are evaluated which is described in Section 2.1.  

2. Studied systems and alternatives with related assumptions 

The first case refinery is a hydroskimming refinery (Refinery no. 1) with a crude oil capacity 
of 6 Mt/y and ca. 0.5 Mt CO2. The second is a complex refinery (Refinery no.2) with a crude 
oil capacity of 11.4 Mt/y and ca. 1.9 Mt CO2. CO2 emissions from the oil refining process 
originate from several sources. Only the largest CO2 emission sources (89% of the total CO2 
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3. Methodology 

The main methodology in this work is to combine knowledge from process integration in the 
refinery industry with knowledge about the CCS technology (similar methodology is used in 
[5]). The methodology and data collection are described by the following steps: 

 The potential for steam savings and usage of excess heat from the refinery process are 
investigated using Pinch analysis. A thorough description of the methodology can be 
found in several editions; one of the most recently updated is [6]. Heat exchanger cost 
calculations for collection of excess heat are taken from [7], and used also for 
calculations for collection of excess heat streams for heat pumping. 
The data regarding the CO2 capture unit are taken from previous studies of the MEA 
absorption process [3, 5, 8, 9]. The cost for the capture plant (excluding costs for the 
energy plant) has originally been taken from studies by Tel-tek [8] and adjusted to fit 
the refineries studied by using cost information in [9].  

 The SGT-800 is assumed to be representative for gas turbines and data are taken from 
[10]. The size of the gas turbine is scaled to fit the applications studied in this paper, 
and economic scaling is based on price levels for different NGCC sizes in [11].  

 The heat pump is designed using the software IEA Annex 21[4]. Using the chemical 
engineering plant cost index from 2010, updated investment cost is provided by the 
software.  

 Economic data for the biomass boiler case are taken from [12], including installation 
and engineering costs, and data for the natural gas boiler are taken from [5].  

 To include costs for installation and engineering, the budget prices for all equipment 
are scaled using a factor 2 (in cases when this is not already included), which is a 
mean value from [11] and [13]. For the heat exchangers, however, a factor of 3.5 is 
used [7]. Data for economic calculations for the steam turbines are taken from [14]. 

 Finally, to evaluate the costs for the different cases, future energy market scenarios are 
used. The scenarios are based on an energy market model adapted for evaluation of 
long-term investments in the process industry; a thorough description is found in [15]. 

3.1. Pinch analysis at the refineries 

The pinch analysis only includes streams that are not already integrated (i.e. streams that are 
heated and cooled with utility, e.g. air). It shows that a significant amount of excess heat is 
available at Refinery no.1. Theoretical, 54 MW is available above 129°C, and 53 between 90° 
& 129°C. In the case when the current excess heat used for district heating delivery is 
inaccessible (EH[2]) the available excess heat is less: 9 MW above 129°C, and 15 MW 
between 90°C & 129°C. In Refinery no.2 the result shows a theoretically potential of 82 MW 
available excess heat above 129°C and 145 MW between 90°C & 129°C.  

3.2. Economic calculations 

In order to evaluate the above-described alternatives, the cost of each avoided tonne of CO2 
emitted is calculated from both a company and a society point of view, in Eqs. (1-5). 
 

companyavoided

annual
companyavoided CO

C
C

,_2
,    or  

societyavoided

annual
societyavoided CO

C
C

,_,2
,    [€/tonne CO2] (1,2) 

CO2 avoided, company = CO2 before capture - CO2 after capture    (3) 
 
CO2 avoided, society= CO2 before capture - CO2 after capture + CO2 reduced by replacing electricity production   (4) 
 
Where: Cannual= Δ Cinv+Δ Crunning costs+ ΔE*pe+ ΔF*pf – Δnbiomass*pCo2 [€/year]  (5) 
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Δ Cinv = Annualised investment costs 

(including installation costs) 

Δ Crunning costs = Annual change in running 
costs except for energy (e.g.MEA costs) 

ΔE= Annual change in electricity 

ΔF= Annual change in fuel use 

Δnbiomass = Annual captured CO2 from 
biomass (from BB) 

pCo2 = Price of CO2 permits 

pf = Fuel price 

pe= Electricity price 
 

 
The avoided amount from a society point of view also includes the CO2 emissions saved from 
replacing marginal electricity production, as shown in Fig. 4. In all calculations an annuity 
factor of 0.1 and operation time of 8000h are used. All costs are calculated in 2010 prices 
levels. In this paper, CO2 emissions generated from biomass are evaluated as not included in 
the EU ETS system. However, since capturing CO2 emissions from the biomass boiler leads 
to a reduction of CO2, and since alternative use of biomass – for example combustion for heat 
and power production – would otherwise release this CO2, revenues related to the price of the 
CO2 emissions (pCO2) are allocated to the captured CO2 emissions from the biomass. 

  
Fig. 4. Description of the avoided amount of CO2.  

3.3. Future energy market scenario 

The performance of the CO2 capture investments is evaluated by using consistent energy 
market scenarios based on the tool ENPAC [15]. The scenario data are shown in Table 2. 

Table 2. Energy market parameters for the different scenario 
Scenario 1 2 3 4 5 6 7 8 

Fossil fuel price Low Low Low Low High High High High 
CO2-price [€/tCO2] 15 27 45 85 15 27 45 85 

RES-E support1 [€/MWhel] 20 20 20 20 20 20 20 20 
El price [€/MWh-el]] 56 66 81 87 62 72 87 95 

CO2 from el [kg/MWhel] 679 679 679 129 679 679 679 129 
Marginal technology for 

electricity production 
Coal Coal Coal

CCS 
Coal
CCS 

Coal Coal Coal Coal, 
CCS 

Price of biomass [€/MWhfuel] 26 31 39 56 29 34 42 60 
Natural gas price [€/MWhfuel]

 33 33 33 33 51 51 51 51 
1Premium paid to producers of renewable electricity from combustible renewable 

By using a number of different scenarios that outline possible cornerstones of the future 
energy market, robust investments can be identified and the climate benefit can be evaluated. 
Since CO2 capture is a technology under development and will most likely not be 
implemented before 2030, scenarios for 2030 are used. This case consists of eight scenarios 
which are a result of combining two levels of fossil fuel and four levels of CO2 prices.  

CO2 avoidedwith CO2 capture
+

Avoided amount (company)

Total CO2 production with CO2 capture
Captured amount (85%)

Avoided amount (society)CO2 reduced by replacing marginal electricty production

Refinery Energy plant
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alternatives are also robust with respect to changes in scenario data, which is due to the 
relatively small amount of electricity used and the fact that no additional fuel is necessary. 
Figs. 5 and 6 show that only if the price of CO2 emissions will become high (85 €/tCO2), and 
if excess heat is used to supply the heat demand, could investing in a capture unit be a robust 
and promising alternative. If the fossil fuel price is low at this level of CO2 price, several 
more alternatives could be promising. Moreover, the results from Refinery no. 2 show lower 
avoidance costs for almost all alternatives compared to Refinery no.1. This can be explained 
by cheaper investment costs (in relative terms) and the fact that Refinery no. 2 has the 
opportunity to increase the capacity of current boiler.  

When evaluating the costs from a society view, meaning that CO2 changes outside the 
refinery are considered, most alternatives will have much lower avoidance costs compared to 
the results from a company view; see Figs. 5 and 6. The largest impact can be seen for the 
NGCC alternative. The large generation of electricity from the NGCC implies large CO2 
savings from marginal production of electricity, especially in Scenarios 1, 2, 5, 6 and 7 when 
marginal electricity producers are coal power plants without CCS. The benefits from 
including the reduction of CO2 emissions from electricity production result in a lower 
avoidance cost for the high heating demand in almost all cases for the NGCC alternatives. 
The NGCC alternatives (in both refineries) with high heating demand (4700kJ/kg CO2) have 
the lowest avoidance costs.  
 
5. Conclusions and discussion 

The main conclusion from this study is that process integration of the capture process at the 
refinery, i.e. use of excess heat and heat pumping, can significantly reduce the avoidance 
costs for CO2 capture at a refinery and be a robust and promising alternative at high CO2 price 
levels. However, the avoidance cost depends greatly on which system perspective is 
considered, i.e. including CO2 changes in marginal electricity production or not. The 
alternatives with NGCC could be competitive if high heating demand is needed in 
combination with a high CO2 price and low fossil fuel prices (an unlikely combination).     
 
Previous research by [1], [2] and [3] examining CO2 capture at refineries reported capture 
costs in the range 50-120 €/tCO2. This study’s estimates range between 30 and 472 €/ tCO2 
avoided. However, the previous studies have all used natural gas CHP to supply the extra 
energy needed, and in this study that alternative ranges from 45 to 168 € /tCO2 avoided. It 
should be noted that the estimated costs in other studies arise from different assumptions and 
the costs can be calculated per CO2 captured or CO2 avoided (as in this study and in [1] and 
[3]). First, different values for the desorption heat are used in the different studies: 2800 kJ/kg 
CO2 in [3] , 4700 kJ/kg CO2 [2] and undefined in [1]. Second, the values for the different 
costs (e.g. investments and fuel) also arise from different assumptions. In this study, for 
example, fuel and electricity costs are calculated from future energy market scenarios. 
Moreover, in this study the transport costs are not included: however, studies by [16] indicate 
that the costs for transport and storage are around 15-25 €/t CO2.  
 
Before CCS becomes a commercial technology, a lot can occur with the available excess heat 
levels and demands at a refinery. This is to be investigated in more detail in other studies. 
Finally, to improve the cost estimations of the post-combustion capture process, future work 
would also include a comparison of the avoidance costs for other absorbents, e.g. ammonia. 
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