
TCCS-11 - Trondheim Conference on CO2 Capture, Transport and Storage 
Trondheim, Norway - June 21-23, 2021 

Gabrielli, ETH Zurich, Zurich, Switzerland 

DESIGN AND MULTI-OBJECTIVE OPTIMIZATION OF CO2 VALUE CHAINS FOR A 
NET-NEGATIVE WASTE TO ENERGY SECTOR: A SWISS CASE STUDY 

Paolo Gabrielli1, Viola Becattini1, Alberto Acquilino2, Cristina Antonini1, Jordi Campos Schweitzer1, Giovanni 
Sansavini1,*, Marco Mazzotti1,* 

 1Institute of Energy and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland 
2Music Technology, Schulich School of Music, McGill University, Montreal, Canada  

* Corresponding authors e-mail: sansavig@ethz.ch, marco.mazzotti@ipe.mavt.ethz.ch

Abstract 

This study investigates the optimal design of CO2 value chains aimed at decarbonizing the waste to energy (WtE) 
sector on a national scale and presents the case study of Switzerland. Switzerland has 30 WtE plants that generate a 
total of 4.2 million tons of CO2 emissions per year. Half of these emissions are from biogenic sources and half are 
fossil-based, corresponding to 4.5% of the overall Swiss emissions. On the one hand, this indicates the relevance of 
decarbonizing the WtE sector. On the other hand, it implies that a net-negative-emissions WtE sector can be achieved 
by adopting carbon capture and storage (CCS) technologies.  

The CO2 value chains considered here consist in capturing CO2 at the WtE production sites, transporting it to the 
storage site, and permanently storing it underground. An optimization problem is formulated to determine the optimal 
design of the CO2 value chains in terms of size and location of carbon capture technologies, and structure of the 
network transporting the CO2 from the capture to the storage sites. The optimization algorithm is a mixed integer 
linear program that minimizes the total annual cost and CO2 emissions of the overall system. Several transport options 
are assessed, namely truck, train, pipeline and ship, as well as different transport paths. 

Keywords: CO2 value chain; CO2 network; waste-to-energy; net-negative emissions; industrial emissions; 
optimization. 

1. Introduction
Evidences that the anthropogenic alteration of the earth 
carbon balance is leading to climate change clearly 
indicate the necessity of finding new routes for energy 
provision to achieve no-carbon emission by 2050 and 
keep global warming below 1.5 °C [1]. Within this 
framework, carbon capture and storage (CCS) proved to 
be a fundamental technology to achieve net-zero 
emissions in “hard-to-decarbonize” industrial sectors, 
such as the cement, steel and chemical industries. At the 
same time, CCS allows achieving net-negative emissions 
in sectors such as waste-to-energy (WtE), when energy is 
produced starting from biogenic waste.  
Unlocking this CCS potential relies on the creation of a 
shared CO2 infrastructure to connect the emission 
sources to the CO2 permanent storage sites, thus 
decreasing the risk of investment and providing low-cost 
mitigation measures. In addition to the CO2 emissions 
sources and permanent storage sites, the key component 
of these CO2 ecosystems will be the CO2 transport 
network. Currently, several European CCS projects are 
focused on building CO2 storage hubs and clusters in 
various locations across Europe (e.g., in Norway, in the 
Netherlands, and in the UK). Among these, the Northern 
Lights project will most likely be the first one to enter 
into the operational phase, targeted for 2024-2025, and 

will make CO2 storage available to emitters from coastal 
and central Europe.   
The CO2 transport network may rely on different 
transportation modes. Nowadays, pipelines are the most 
common CO2 transport mode. They are a mature 
technology that has been in operations since the early 
1970s for enhanced oil recovery applications. In some 
locations, CO2 transport by ship or barge may be an 
economically attractive alternative to pipelines. For 
example, in the perspective of a permanent storage site in 
the North Sea (in Norway, Netherlands or UK), water 
transport may be preferred, not only by coastal CO2 
emitters in Northern Europe, but also by those emitters 
located in the proximity of the Rhine axis that links the 
largest European seaports to their hinterland. For small 
CO2 volumes, road and rail tankers are also viable 
options. In particular, in the short term and at an early 
stage of development of a CO2 network, the use of 
insulated tankers that can be loaded onto trucks or rails 
seem the most feasible choice. It becomes evident that 
developing an optimal network design will be a key 
challenge to create a mature CCS industry [2].  
Switzerland has 30 WtE plants that generate a total of 4.2 
million tons of CO2 emissions per year. Half of these 
emissions are from biogenic sources and half are fossil-
based, corresponding to 4.5% of the overall Swiss 
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emissions. On the one hand, this indicates the relevance 
of decarbonizing the WtE sector. On the other hand, it 
implies that a net-negative-emissions WtE sector can be 
achieved with CCS technologies. Focusing on such a 
Swiss case study, this study investigates the optimal 
design of CO2 value chains aimed at decarbonizing the 
WtE sector on a national scale.  

2. System description

The CO2 network considered here entails capturing CO2 
at the 30 Swiss WtE production sites, transporting it to 
the storage site, and permanently storing it underground. 
We evaluate the feasibility of transporting the CO2 
captured from the Swiss WtE plants to a storage site in 
the North Sea (i.e., the Northern Lights project off the 
Norwegian shore) via a continental terminal located in 
the port of Rotterdam, in The Netherlands.  

The system components include: 
(i) The CO2 capture sites corresponding to the WtE

plants, see Figure 1. An amine-based technology
with 90% capture rate and several fractions of
exhaust gases treated are considered.

(ii) The Northern Lights CO2 storage site, where the CO2

is permanently stored underground;
(iii) The CO2 transport network that consists of CO2

paths from capture sites to the permanent storage
site. The transport technologies considered in this
work are truck, rail, ship, barges and pipelines. Here,
we consider a brownfield design for pipelines, i.e.,
we force the CO2 pipelines to follow the same route
of the installed natural gas pipelines.

Our work aims at defining the optimal CO2 value chain 
in terms of size and location of CO2 capture technologies, 

type and size of CO2 network connections between all 
nodes. 

3. Optimization problem
The optimal design of the CO2 value chain is tackled by 
formulating and solving an optimization problem that 
minimizes the total annual cost and CO2 emissions of the 
system by determining the optimal size and location of 
CO2 capture technologies, as well as the optimal structure 
of the CO2 network. Such an optimization problem is 
formulated as a mixed-integer linear program (MILP), 
which include both continuous, x, and binary variables, y, 
and can be written in general form as:  

min
!,#

(𝒄𝟏%𝒙 + 𝒄𝟐%𝒚) 

s.t.
𝑨𝟏𝒙 = 𝒃𝟏,       𝑨𝟐𝒚 = 𝒃𝟐 

𝒙 ≥ 0 ∈ ℝ', 𝒚	 ∈ 	 {0, 1}( 
where c1 and c2 represent the cost vectors associated to 
the continuous and binary decision variables, x and y, 
respectively; A1 and A2 are the corresponding constraint 
matrices, and b1 and b2  the corresponding constraint 
known terms; X and Y indicate the dimensions of the 
vectors x and y, respectively. Here, both continuous and 
binary variables are optimized, with the latter being 
introduced to model the nonlinearities related to the 
presence and to the costs of network connections. The 
optimization problem is based on mathematical tools 
presented earlier [3,4,5], which are here expanded to 
describe all relevant features of CO2 networks.  
The input data to the optimization problem are (i) the CO2 
emissions corresponding to the WtE plants (spatially 
distributed), (ii) the availability of technology and  

Figure 1. Schematic representation of the location of the Swiss WtE plants. 
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network options (including the availability of 
CO2 storage sites), (iii) the parameters defining cost and 
performance of the CO2 capture and network 
technologies, (iv) the parameters describing the system 
configuration. 
Based on such input data, the optimization problem 
determines (i) the selection and size of capture and 
network technologies, (ii) the CO2 flow through network 
technologies, (iii) the energy required to compress and 
liquefy CO2 after capture and to transport it. 
The optimal solution must comply with mass and energy 
balances, as well as with the models of the capture and 
network technologies. 
The optimization algorithm minimizes the total annual 
cost (capital, maintenance, and operational costs) and the 
total annual CO2 emissions. This translates in a multi-
objective optimization problem, which is solved through 
the ∊-constraint method proposed by Mavrotas [8], 
where the cost is minimized for fixed values of CO2 
emissions.  

3. Preliminary results and discussion
Figure 2 shows the cost-emissions Pareto front of the CO2 
value chains for the Swiss WtE plants, and reports the 
number of capture units installed (right-hand side) along 
the Pareto front. Two main observations can be made. 
First, costs and emissions cannot be minimized 
simultaneously, and a trade-off emerges from these two 
variables. As the number of capture plants installed, 
hence the costs, increase, the total emissions decrease. 
Second, the achievement of the lowest level of emissions 
(i.e., 95 tCO2/h) requires a more than threefold increase 
in costs for only a 12% reduction in emissions. These 
trends can be further explored by considering the network 
design emerging for different points along the Pareto 
front.  

Figures 3 and 4 show the CO2 network design obtained 
for different points along the Pareto front. Moving 
towards lower emissions, not only the number of 
installed capture unit increases but the CO2 network 
shifts to transport modes with lower carbon footprint. 
Case (a) corresponds to the maximum emissions 
scenario, i.e., no capture plants are installed and there are 
no costs associated. Designs (b), (c), and (d) mostly rely 
on train transport from the WtE plants to the Rotterdam 
terminal, from where CO2 is transported via ship to the 
Northern Lights storage facilities. For those emitters 
without a train connection, transport of CO2 by truck to 
the nearest train station is found to be the most viable 
solution. It can be noted how the model chooses to install 
first (i.e., for lower costs) capture units at plants that are 
geographically closer to the Northern Lights storage. In 
addition, capture units are preferably installed at sites 
with larger emissions, in order to optimize costs per 
amount of CO2 transported. For a further reduction of 
total emissions (design (e)), the model opts for installing 
truck connections between the WtE plants and the Swiss 
terminal corresponding to Basel, from where the CO2 is 
transported via barge along the Rhine until Rotterdam, 
and again by ship to Northern Lights. Barge-based 
transport, having a smaller carbon footprint than train 
transport, allows lowering the total emissions and, at the 
same time, adopting a cheaper transport solution, i.e., 
truck, at the national level.  
Finally, the most stringent emissions reduction level (i.e., 
total emissions of 95 tCO2/h) is achieved not by 
installing additional capture units, but by adopting 
pipelines as the main CO2 transport mode, at the national 
and international level (design (f)). Nevertheless, even in 
this case few connections within Switzerland are forced 
to adopt truck or train transport due to the limitations on 
pipeline construction.  

(b) 

(c) 

(d) 

(e) 

(f) 

Figure 2. Cost-emissions Pareto front and number of installed capture plants as a function of total CO2 emissions of the 
system. 
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4. Conclusions
This work investigates the optimal design of CO2 value 
chains aimed at decarbonizing the Swiss waste to energy 
sector, which comprises 30 WtE plants generating a total 
of 4.2 million tons of CO2 emissions per year. The CO2 
value chains considered here consist in capturing CO2 at 
the WtE production sites, transporting it to the storage 
site, and permanently storing it underground. An 
optimization problem is formulated to determine the 
optimal design of the CO2 value chains in terms of size 

and location of carbon capture technologies, and 
structure of the network transporting the CO2 from the 
capture to the storage sites. Several transport options are 
assessed, namely truck, train, pipeline and ship, as well 
as different transport paths. 
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Figure 4. CO2 network design for different points along the Pareto front (focus on Swiss national network). 

Figure 3. CO2 network design for different points along the Pareto front (overview on international connection). 
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