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Abstract

For CO2 reduction in the chemical industries, the massive use of renewable energies

and the substitution of fossil based feedstock by implementation of Renewables-to-

Chemicals (R2Chem) production systems are of key importance. Due to the multitude

of alternative feedstock sources and process technologies a large number of di�erent

process pathways are possible for converting renewables into valuable target products.

In this work we propose a method for the identi�cation of the optimal R2Chem pro-

cess structure under consideration of an economic objective function. By introducing

process extent variables it is possible to fully avoid binary decision variables, resulting

in a purely linear program. The derived cost function includes operational as well as

capital cost. Furthermore, a penalty term for the carbon dioxide emission is considered.

It is shown that an acceptable tradeo� between cost and emissions is realizable by us-

ing natural gas as feedstock source, especially if the required energy is supplied from
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renewable sources. A net consumption of CO2 of the overall production system is only

possible if renewable energies sources are exploited while using CO2 as feedstock source

at the same time. In case of using fossil energy sources, a negative carbon footprint

is unavoidable due to high indirect CO2-emissions due to the energy supply (electric-

ity, heat). Thus, in addition to economic challenges of using CO2 as feedstock also

the ecologic impact strongly depends on the energy source used. The main advantage

of the proposed method is the fast screening for the optimal process system within a

superstructure which contains many alternative process con�gurations. The method is

exempli�ed by optimizing process systems for the production of methanol for di�erent

feedstock and energy supply sources.

Introduction

In recent years the importance for a more sustainable usage of available resources increased

signi�cantly in research and industry as well as in politics and society. A common agreement

exists about the necessity of substituting fossil feedstock and energy carriers by renewable

resources. However, an expansion of renewable power plants, e.g. wind farms or photo-

voltaic systems, and a simultaneous removal of base load plants leads unavoidably to major

challenges caused by the high volatility of renewable energy sources (wind, solar). Due

to �uctuating renewable energy supply to the grid, electrical surplus energy might become

available which could be used for chemical processes. In this context, Power-to-X (PtX)

processes could be a very attractive option for future chemicals production1�3. The principal

step of PtX-concepts is the electrochemical splitting of water into hydrogen and oxygen via

electrolysis and the subsequent utilization and/or storage of hydrogen4�6. Since in many

areas, e.g. in the transportation sector, (synthetic) hydrocarbons will still be required in

future, also sustainable carbon sources have to be identi�ed. Di�erent approaches for gain-

ing or recycling of carbon exist. The most prominent way is the conversion of biomass by

anaerobic digestion into (bio-)methane7�9 but also carbon capture and utilization (CCU)
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technologies are in the focus of research10�13. CCU seems to be very attractive since it o�ers

the possibility to close the carbon cycle by recycling the bounded carbon atom in the carbon

dioxide (CO2) molecule.

From the perspective of sustainable chemical engineering, it is not only necessary to make

use of electricity from renewables and to understand carbon dioxide as a raw material, but

to substitute fossil resources by renewables, both in supplying energy and feedstock. We

call this concept "Renewable-to-Chemicals" (R2Chem). It is obvious that a large number

of di�erent pathways exist for the production of one certain product. Therefore, the eval-

uation of all feasible pathways and the identi�cation of the optimal one is essential. In

this context it has to be speci�ed what makes a pathway optimal. Many publications exist

in the �eld of optimal pathway analysis. Otto et al. 11 systematically listed chemical reac-

tions that are able to convert carbon dioxide directly into valuable chemicals and evaluated

these reactions by introducing di�erent key-indicators, e.g. CO2-avoidance potential, mar-

ket situation or independence of fossil reactants. Moreover, to identify optimal pathways

superstructure approaches were often proposed that use economic objective functions14,15.

Within these superstructure approaches di�erent classes of optimization problems exist. A

linear programming (LP) approach was used by Kim et al. 16 . They examined biomass-

to-fuel conversion strategies by means of decomposing the entire process into intermediate

subprocesses and thereby identifying the most convenient mass �ux distribution. Since in

superstructure approaches very often binary decisions must be taken, many related mixed

integer problem formulations can be found in literature17�19. As examples, three mixed in-

teger linear programming (MILP) approaches are mentioned here. First, Maronese et al. 20

examined biore�neries by detailed simulation of each conversion unit and subsequent mass

�ux optimization by interconnecting the units in a superstructure. Second, Ulonska et al. 21

proposed an approach for evaluating biore�nery process pathways by applying reactor and

separator shortcut models to estimate the overall energy demand. They optimized the mass

�uxes and performed a pinch analysis subsequently to analyze the heat integration potential.
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Third, Kokossis et al. 22 introduced a digraph approach for the optimization of the mass �ux

distribution. To account for the energetic demand they accomplished also a pinch analysis

afterwards and designed a heat exchanger network.

However, for the optimization of the overall production process consisting of a variety of

mass and energy �uxes it is not su�cient to optimize only the mass �uxes and to perform

pinch analysis subsequently. For the identi�cation of optimal process structures and exploit-

ing synergy e�ects between single processes a simultaneous optimization of mass and energy

�uxes is crucial. Therefore, the authors of this work presented in Schack et al. 23 �rst ideas of

a novel linear programming approach for the simultaneous optimization of mass and energy

�uxes including heat integration. By introducing a continuous process extent variable it was

possible to avoid binary decision variables. We applied a network theoretical approach and

introduced nodes and edges to formulate a set of linear equations and inequalities in order

to apply a linear programming program.

In the present work an improved and extended linear model formulation for the pur-

pose of process network structure optimization is derived. In particular the improved heat

integration model and the selection of an economic linear objective function are addressed

here. Besides operational cost and capital cost for investment and internal heat transfer also

penalty cost for CO2-emissions are considered. Hereby, we analyzed both the direct and

indirect emissions that are caused by the energy supply. In order to illustrate our proposed

methodology methanol is chosen as an important and valuable target molecule. Methanol

is often mentioned in the Power-to-Chemicals context, since its synthesis reaction is well

known24,25 and numerous di�erent modeling approaches exist in literature26,27. It can be

synthesized either from a CO or CO2-rich syngas mixtures (Eqs. (1) and (2)). In order

to adjust the optimal ratio between CO and CO2 also the reverse water gas shift reaction

(RWGS)28,29 (Eq. (3)) has to be taken into account:

CO + 2 H2 −→ CH3OH (1)
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CO2 + 3 H2 −→ CH3OH + H2O (2)

CO2 + H2 −→ CO + H2O (3)

One advantage of methanol is that it is a liquid at ambient conditions and therefore

well suited to act as an energy storage molecule. Surplus electrical energy from renewables

(wind, solar) can be used to produce hydrogen, which is converted in a subsequent process

to gain methanol. The �uid can be stored and transported very easily. Furthermore, Otto

et al. 11 mentioned the large potential to use CO2 as feedstock for methanol production. In

their evaluation of best products to recycle CO2 methanol is �gured out as one of the most

promising target molecules. Since the chemical activation of CO2 in order to use it as a

chemical feedstock is one auspicious way to reduce the overall CO2-emission the usage of

CO2-rich syngas gets increased interest for the production of methanol. For this reason,

one can �nd microkinetic studies30 and thermodynamic exergy analysis31 evaluating the

potential of methanol as target molecule.

To assess the ecological impact of chemical production networks, which can be improved

by reducing the CO2-emission, not only the feedstock but also the energy source is crucial.

It is insu�cient to analyze only the direct CO2-emission, i.e. the CO2 that leaves the overall

production process directly during the chemical conversion, but also the indirect emissions,

e.g. CO2-emissions be attributed to the process energy demand. This is demonstrated in

this study by analyzing both the economic impact, expressed as the speci�c production cost

of methanol, and the ecological impact, expressed as speci�c CO2-emission.
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Formulation of Process Network Model

For representing the structure of a chemical production network we use a network theoretical

approach by introduction of a directed graph. A directed graph consists of a set of nodes (or

vertices) and a set of paired nodes (or directed edges). These edges connect each one pair of

nodes and contain also the information about the edge direction. More detailed information

can be found in adequate textbooks32.

In order to apply this concept for the structure optimization and identi�cation of optimal

pathways a node for each component that appears in the production network is introduced

(Fig. 1). At these nodes a reference temperature T0 and a reference pressure p0 is considered.

Between each pair of nodes the chemical conversion is considered, represented by a single

process (Fig. 2), which is assumed to operate at average reaction temperature and pressure.

All auxiliary operations, such as adjusting temperature and pressure, are presumed to hap-

pen inside these processes. In the next section, the governing equations and inequalities

describing a process network are presented.

Figure 1: Components node

Equality constraints

Modeling the mass �uxes

As illustrated in Fig. 1 and 2 a node for each component α is introduced that has in�uents

and e�uents. Considering a chemical production plant besides the external mass �uxes that

are fed into the system as initial reactants or are released to the outside as the �nal product,

undesired by-products or waste, some mass �uxes appear only within the system envelope.
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Figure 2: Mass conversion along the edges; schematic illustration of a single process consist-
ing of reaction, separation and auxiliary operations such as heat and pressure adjustment

These internal mass �uxes correspond to the �uxes that enter or leave a single conversion

process. In this way it is possible to account not only for the initial reactants and products

but also for the intermediate components that are a product of one subprocess, only to be

used as a reactant for another one. Balancing the internal and external mass �uxes at a

component node as shown in Fig. 1 and assuming steady state we get:

0 = Ṅα,ext − Ṅα,out −
M∑
j=1

Ṅ
(j)
α,in +

M∑
j=1

Ṅ (j)
α ∀α (4)

As shown in Fig. 1 Ṅα,ext denotes the mass �uxes of component α that are fed into the

production network and Ṅα,out the �uxes that are released to the outside. The internal �uxes

that enter the process j or leave process j, respectively, illustrated in Fig. 2, are expressed

by Ṅα, in
(j) and Ṅα

(j).

The chemical conversion of a component α into another one is described by a stoichio-

metric model containing the stoichiometric coe�cient of each component να and the process

extent variable ξ̇:

0 = Ṅ
(j)
α,in − Ṅ (j)

α + ν(j)α · ξ̇(j) ∀α, j (5)

The process extent variable ξ̇(j) is adopted from the extent of reaction, which is widely

7
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used in chemical engineering to quantify the progress of a chemical reaction33. In contrast,

here ξ̇(j) quanti�es how far the considered overall chemical production process j proceeds

(see Fig. 2). In this way both is possible, to describe the progress of a process and also if

a process operates (ξ̇(j) 6= 0) in the �rst place. By use of the process extent variable, it is

not necessary to introduce any binary decision variable, i.e. the whole network model can

be formulated solely in continuous variables.

Furthermore, pure and ideally separated in- and outlet mass �uxes are assumed. This

assumption is done in order to avoid nonlinear e�ects, such as mixing e�ects, outside the

system boundaries. It is important to mention that these e�ects are not neglected but only

considered inside a single process which is treated as a black box.

Modeling the energetic �uxes

Besides mass �uxes it is important to account for the energetic �uxes that appear in a

chemical production network. As shown in Fig. 2 each process j interacts with heat �uxes

Q̇ and work �uxes Ẇ . There are di�erent reasons for the presence of energetic �uxes. First,

depending on the endothermic or exothermic character of the chemical reactions taking place

inside a process j, the main contribution to the net heat demand or surplus, respectively, is

determined. However, heat �uxes are also caused due to separation tasks and/or adjusting

a certain temperature level. The same applies for the work �uxes that are mainly caused by

adjustment of the pressure as long as considering non-electrochemical processes. Regarding

electrochemical processes electrical energy is not only required for separation or compression

but it is supplied to proceed electrolytic reactions. Again, depending on the considered

process the electrical energy is required or released during the conversion process. Since the

overall process is balanced as shown in Fig. 2, the single contributions of the unit operations

(reaction, separation, heat and pressure adjustment) to the energy demand or surplus is not

expressed individually but only considered as part of the net heat and net work.

In analogy to mass �uxes one has to distinguish between internal and external heat

8
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�uxes. External �uxes correspond to �uxes that are transferred between a process j and

external heating/cooling utilities. To minimize the external net heat supply and to increase

the overall process e�ciency the possibility for internal heat transfer must be included in this

analysis. Therefore, the internal heat �uxes correspond to heat �uxes that are transferred

between processes j and i. The most established approach for the process heat integration is

pinch analysis34 where the hot and cold utility usage is minimized. Furthermore, information

about temperature levels, at which the heat is transferred, is obtained. Heat integration using

pinch analysis is mostly performed after mass-based chemical process design. Instead, here

we are aiming at an integrated design concept that is presented in the following. First, an

enthalpy balance for each process j is formulated (Eq. (6)) to identify the net energy demand

or surplus according to the �rst law of thermodynamics for steady-state �ow conditions:

0 =
N∑
α=1

hα,inṄ
(j)
α,in −

N∑
α=1

hαṄ
(j)
α + Q̇

(j)
ext − Q̇

(j)
out

+
M∑
i=1

(
Q̇

(j)
i,in − Q̇

(j)
i,out

)
+ Ẇ

(j)
ext − Ẇ

(j)
out ∀j

(6)

As shown in Fig. 2 the temperature level of inlet and outlet streams is assumed to be

equal. The enthalpy di�erence term in Eq. (6) can be expressed by means of the enthalpy

of reaction ∆Rh
(j):

N∑
α=1

hα,inṄ
(j)
α,in −

N∑
α=1

hαṄ
(j)
α = −∆Rh

(j) · ξ̇(j) ∀j (7)

In Eq. (6) Q̇ext
(j) denotes the heat �uxes that are supplied from external heat utilities

to the process j and Q̇out
(j) the heat �uxes that are released to the outside from process j,

respectively. The same applies to the external work �uxes Ẇ ext
(j) and Ẇ out

(j) . The heat �uxes

Q̇i, in
(j) and Q̇i, out

(j) are the heat �uxes that are transferred between processes j and i in the

direction shown in Fig. 2. When neglecting any heat transfer losses, the heat �ux that is

9
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transferred from process j into process i is equal to the heat �ux that process i receives from

j. This fact is expressed by the following equation:

0 = Q̇
(j)
i,in − Q̇

(i)
j,out ∀i, j (8)

Modeling the entropy production

The second law of thermodynamics has to be considered in order to account not only for

the net heat and work �uxes but also for the ratio of the two energetic �uxes. Therefore,

besides an enthalpy balance an entropy balance is formulated. The entropy production due

to irreversible processes is estimated by introducing an energy conversion e�ciency η(j) for

each process j. Then, assuming steady-state the entropy balance can be written as follows:

0 =
N∑
α=1

sα,inṄ
(j)
α,in −

N∑
α=1

sαṄ
(j)
α −

1

Tj

(
Q̇

(j)
ext − Q̇

(j)
out +

M∑
i=1

Q̇
(j)
i,in −

M∑
i=1

Q̇
(j)
i,out

)

− 1

Tj

((
1− η(j)

)
Ẇ

(j)
ext +

(
1

η(j)
− 1

)
Ẇ

(j)
out

)
∀j

(9)

Again, if equal temperatures of inlet and outlet streams (Fig. 2) are assumed, the entropy

di�erence can be expressed by means of reaction entropy ∆Rs
(j).

N∑
α=1

sα,inṄ
(j)
α,in −

N∑
α=1

sαṄ
(j)
α = −∆Rs

(j) · ξ(j) ∀j (10)

While the entropy contribution of work in fully reversible processes (η(j) = 1) becomes

zero, any irreversibilities contribute to the last term of Eq. (9). The in�uence of the energy

conversion e�ciency on the net energy �uxes is illustrated in Fig. S1 for the example of PEM

water electrolysis. It becomes obvious, that for a reversible process (η(j) = 1) PEM water

electrolysis appears as a heat sink (positive net heat �ux) while it becomes a heat source

(negative net heat �ux) if its e�ciency is decreased.
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Inequality constraints

Modeling the internal heat transfer

When modeling the internal heat transfer, besides the availability of heat it is important to

ensure that heat can be only transferred from higher to lower temperature levels. This can be

achieved by formulating two linear inequalities. First, the maximal internal heat �ux from

process i into process j depending on the temperature levels and minimum temperature

di�erence ∆Tmin is determined. ∆Tmin is adopted from pinch analysis34 and ensures a

minimum driving force for the heat transfer.

0 ≤ Ti − T0 −∆Tmin
Tj − T0

(
Q̇

(j)
ext +

M∑
k=1

Q̇
(j)
k,in

)
− Q̇

(j)
i,in ∀i, j (11)

Eq. (11) ensures that only as much heat is transferred into process j as the temperature

level of heat supplying process i allows. In order to guarantee this heat transfer constraint

not only for a single process but for the overall production system a second inequality for

each pair of heat supplying processes i and l interacting with one heat receiving process j

has to be ful�lled:

0 ≤
Tmaxi,l − T0 −∆Tmin

Tj − T0

(
Q̇

(j)
ext +

M∑
k=1

Q̇
(j)
k,in

)
− Q̇

(j)
i,in − Q̇

(j)
l,in ∀i, j, l (12)

The resulting mean temperature di�erence between heat supplying process i and heat

receiving process j, and hence the driving force of the heat transfer, is shown in Fig. S2.

This temperature di�erence depends on the supply temperature of the initial reactants that

are fed into the system, which is assumed to be the reference temperature T0 at the chemical

component nodes.

Due to information loss caused by balancing heat and work �uxes by means of only one

overall enthalpy balance (see Eq. (6)) two further inequalities (Eq. (13)) are introduced.

These conditions ensure for all non-electrochemical processes k that the enthalpy change

due to a certain chemical reaction corresponding to the enthalpy of reaction is only supplied

11
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or released in the form of heat.

0 ≤


−∆Rh

(k) · ξ(k) + Q̇
(k)
ext +

M∑
i=1

Q̇
(k)
i,in if ∆Rh

(k) ≤ 0

∆Rh
(k) · ξ(k) + Q̇

(k)
out +

M∑
i=1

Q̇
(k)
i,out if ∆Rh

(k) > 0
∀k (13)

Optimization problem and objective function formulation

For the identi�cation of the optimal process network for converting renewables into chemicals

(R2Chem), the following linear programming problem is formulated:

min
x

f (x) = c>x

s.t. Aeqx = beq

Ax ≤ b

lb ≤ x ≤ ub

(14)

In Eq. (14), f is the objective function and x = (Ṅ, ξ̇, Q̇,Ẇ)> the vector of decision

variables containing all the �uxes appearing in the overall process network system. The

coe�cient matrices Aeq, A and right-hand-side vectors beq, b of the linear systems are

determined from the equalities and inequalities, respectively, given in prior sections.

The lower lb and upper bounds ub have either physical reasons or are speci�ed by the

considered processes and operation conditions, see Tab. 1.

Table 1: Lower and upper bounds

Description Lower Bound Upper Bound

Non-negativity conditions 0 ≤ (Ṅ, ξ̇, Q̇,Ẇ)>

Minimum input mass �uxes Ṅmin
ext ≤ Ṅext

Minimum output mass �uxes Ṅmin
out ≤ Ṅout

Maximum input mass �uxes Ṅext ≤ Ṅmax
ext

Maximum output mass �uxes Ṅout ≤ Ṅmax
out

Non-electrochemical process Ẇout = 0

El.chemical process (∆Rh > 0) Ẇout = 0

It is reasonable to evaluate the di�erent pathways by means of economic quantities. In

12
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the present work, an economic objective function is used, namely the Total Annualized Cost

(TAC). Related to the years of lifetime or payback-time of the chemical production plant n

and the average interest rate z during this time period TAC can be seen as a measure of

the annual cost which are desired to be minimized. The income from selling the products

as well as electrical surplus energy, for instance if considering a fuel cell, are not considered

but only the contributions to production cost.

TAC = CP + CH,s + CH,r + CE,s + CCO2 +
(CHX + CI) z

1− (z + 1)−n
(15)

TAC can be divided into operational and capital cost. In contrast to operational cost

that are caused by the operation of the production process, the capital cost have to be paid

for the plant investment. In the following sections the single terms of the objective function

are derived. In particular our linear model approach for describing the capital cost, which

can be divided into general investment cost and cost for internal heat transfer, is presented.

Modeling the operational cost

The operational cost vary and depend on the process conditions. Besides cost for the reac-

tants which are directly linked to the feedstock consumption, the energy consumption causes

expenditures as well. In Schack et al. 23 we introduced cost factors in order to weight the

di�erent cost contributions. These cost factors are given in Tab. 2.

Table 2: Modeling the operational cost

Cost contribution Equation

Purchase of reactants CP =
N∑
α=1

cPα · Ṅα,ext

Supplying of heat CH,s =
M∑
j=1

cH,s · Q̇(j)
ext

Removing of heat CH,r =
M∑
j=1

cH,r · Q̇(j)
out

Supplying of work CE,s =
M∑
j=1

cE,s · Ẇ (j)
ext
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Modeling the investment cost

The investment cost CI typically depends on the size of the production capacity. Several

correlations are available for the cost estimation in literature35�37. A correlation de�ned

by Lange 38 between energy losses of a chemical production plant and its corresponding

investment cost is applied in our approach39. This correlation is given in Eq. (16).

CLange
I = a (Eloss)

b (16)

According to Lange 38 a and b are regression parameters (a = 3.0, b = 0.84), Eloss [MW]

the energy loss and CI [106 USD] the investment cost. The energy loss (Eq. (18)) is de�ned

as di�erence of the lower heating values of the reactants including fuel and lower heating

values of the products. This correlation gives a quite reliable estimation of the investment

cost, especially if the process is far from heat-neutral having only minor energy losses38.

Lange also addressed a nearly linear dependency of the investment cost on the energy loss

as illustrated in Fig. S3. Therefore, the investment cost in our model is linearized according

to Eq. (17).

c
(j)
I = p1E

(j)
loss + p2 ∀j (17)

The energy loss E
(j)
loss of each process j is calculated as follows:

E
(j)
loss =

N∑
α=1

(
∆h(j)u,αṄ

(j)
α,in + ∆h

(j)
u,fuelṄ

(j)
fuel −∆h(j)u,αṄ

(j)
α

)
∀j (18)

The molar �ux of the fuel is directly linked to the required heat and work demand. Due

to heat transfer losses and also losses caused by energy conversion e�ciency factors ηht and

ηec are introduced, respectively.

Ṅ
(j)
fuel =

Q̇
(j)
fuel

∆h
(j)
u,fuel

∀j (19)

14

Page 14 of 52

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Q̇
(j)
fuel =

1

ηht

(
Q̇

(j)
ext +

M∑
i=1

Q̇
(j)
i,in

)
+

1

ηec
Ẇ

(j)
ext ∀j (20)

Finally, the overall investment cost CI of the entire production network system is then

estimated by addition of the contributions of each process j:

CI =
M∑
j=1

p1

N∑
α=1

(
∆h(j)u,αṄ

(j)
α,in −∆h(j)u,αṄ

(j)
α

)

+
M∑
j=1

p1

(
1

ηht

(
Q̇

(j)
ext +

M∑
i=1

Q̇
(j)
i,in

)
+

1

ηec
Ẇ

(j)
ext

)
+ p2

(21)

Modeling the heat exchanger cost

The heat exchanger cost are assumed to be linearly dependent on the size of the heat ex-

changer.

CHX = cHX · AHX (22)

Herein CHX denotes the total cost of the heat exchanger and cHX the area speci�c cost

in e/m2. The heat exchanger area AHX can be calculated from the transferred heat �ux Q̇

and heat transfer coe�cient k:

AHX =
Q̇

k ·∆Tm
(23)

The logarithmic mean temperature di�erence ∆Tm depends on the temperature di�er-

ences at both ends of the heat exchanger ∆T1 and ∆T2. For the calculation of the temperature

di�erences the heating from (for heat receiving processes) or the cooling to the reference level

(for heat supplying processes) is considered.

∆Tm =
∆T1 −∆T2

ln ∆T1 − ln ∆T2
(24)
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Using Eqs. (22) and (23) the cost for the heat exchangers required to transfer the internal

heat �uxes for each process j is given:

C
(j)
HX =

M∑
i=1

c
(j)
i · Q̇

(j)
i,in ∀j (25)

Herein the cost factor c
(j)
i is de�ned as:

c
(j)
i =

cHX

k ·∆T (j)
i,m

∀j (26)

Finally, the total heat exchanger cost are calculated by summation of all heat exchangers

required to transfer heat between processes j and i:

CHX =
M∑
j=1

M∑
i=1

cHX
(

ln ∆T
(j)
i,1 − ln ∆T

(j)
i,2

)
k
(

∆T
(j)
i,1 −∆T

(j)
i,2

) · Q̇(j)
i,in

 (27)

Modeling the penalty for CO2 emissions

Besides capital and operational cost introduced above, also cost caused by CO2 emissions

have to be integrated into the cost estimation. They can be attributed to CO2-certi�cate

cost for emitting carbon dioxide. The intention is to limit emissions by means of mandatory

purchase of the CO2-certi�cates whose price is subject to political decision. The emission

itself constitutes on the one hand directly by the stoichiometrically co-produced carbon

dioxide from the production network ṄCO2,out and on the other hand indirectly by energy

consumption which is in�uenced by the process chemistry and also by the process energetic

e�ciencies. The lower the e�ciency the more energy is required. If the energy demand

cannot be supplied internally the external source causes the energy speci�c carbon dioxide

emission eCO2 . Hence, a combination of political penalty, identi�cation of a suitable and

sustainable source and �nally improving the technology in�uences the cost caused by CO2

emission.
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CCO2 = cCO2

(
eCO2,Q̇

·
M∑
j=1

Q̇
(j)
ext + eCO2,Ẇ

·
M∑
j=1

Ẇ
(j)
ext + ṄCO2,out

)
(28)

Case Study: Methanol Production

Thermodynamic fundamentals

In order to apply the methodology derived in the previous section some thermodynamic quan-

tities are required. Considering Eqs. (6) and (9) one can see that enthalpies and entropies of

pure components are used to calculate the energetic heat and work �uxes. Assuming ideal

gas behavior the enthalpy h of a pure component is pressure independent but a function of

temperature and can be calculated if a reference enthalpy, e.g. the enthalpy of formation

∆hf at standard temperature T0 = 298.15 K is known.

hα(T ) = ∆hf (T0) +

∫ T

T0

cp,α(T )dT (29)

For the calculation of the entropy s temperature and pressure dependence have to be

considered. Again, the temperature di�erence of a known entropy, e.g. the entropy of

formation ∆sf at standard temperature, is expressible by means of the heat capacity cp.

sα(T, p) = ∆sf (T0) +

∫ T

T0

cp,α(T )

T
dT −R

∫ p

p0

dp

p
(30)

Since the heat capacities in Eqs. (29) and (30) are temperature dependent a functional

relation between heat capacity and temperature is required. In literature many polynomial

�tting approaches of experimental derived values are published40. We applied the Shomate

equation (Eq.(31)) with listed parameters from NIST 41 .

cp(T ) = A+B

(
T

1000

)
+ C

(
T

1000

)2

+D

(
T

1000

)3

+ E

(
T

1000

)−2
(31)
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The parameters A,B,C,D and E as well as ∆hf and ∆sf are given in Tab. S1 for the

species appearing in this study. Furthermore, the lower heating values ∆hu, required for the

calculation of energy loss in order to estimate the investment cost are listed.

De�nition of scenario

Since methanol (CH3OH) is often discussed as an important key molecule in the context

of an economy solely based on renewable energies, we chose the methanol production to

illustrate our proposed method. The reasons for allocating methanol such an important

role are diverse. First, methanol is an industrially important commodity and the reaction

chemistry is well declared. In context of energy transition, methanol is a C1-molecule to

bound hydrogen (H2), which is produced from renewable resources. Furthermore, carbon

dioxide (CO2) can be used as carbon source. While this is also valid for methane (CH4),

methanol is a liquid at ambient condition. This is highly bene�cial when considering storage

and handling, in particular for mobility purposes.

The methanol molecule consists of one carbon, one oxygen and four hydrogen atoms. In

principle these atoms can be provided by any other C,O or H containing molecule. However,

methanol is industrially synthesized from synthesis gas that mainly contains of CO,CO2 and

H2. The conventional feedstock for the production of synthesis gas is based on fossil sources,

such as coal or natural gas and steam reforming and coal gasi�cation are the important

process technologies for the conversion.

In contrast, we also considered renewable sources and corresponding technologies in order

to account for a sustainable production system. Promising technologies are the anaerobic

digestion and the subsequent reforming step, usage of electrical energy for the electrochemical

splitting of water into hydrogen and using carbon dioxide as carbon source. Therefore, the

RWGS or carbon dioxide electrolysis come also into the focus of interest. Tab. S2 lists all

conversion processes which are considered in this analysis.

Two main indicators, the speci�c cost cs in e/tCH3OH
and speci�c carbon dioxide emission
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es in tCO2/tCH3OH, are introduced for the evaluation of the economic and ecologic impact of

the methanol production. Both indicators are in�uenced by the production process (in form

of equipment cost and energy demand) and by the resource used (in form of energy speci�c

cost and energy speci�c emission). The feedstock sources, cost and CO2-emissions for the

energy supply are given in Tab. 3. In the present study the energy conversion e�ciencies

were estimated to be 40 % for coal power plants and 55 % for CHP plants converting natural

gas into electrical power.

In Tab. 3 it is visible that sources with lower speci�c CO2-emissions tendentially have

higher speci�c cost. Only the use of nuclear power shows both low cost and low emissions.

However, nuclear power is no future option for Germany due to the political decision of

nuclear phase-out until 202242. Also consequential cost e.g. caused by �nal disposal are not

considered, which �nally would lead to increased cost for the usage of nuclear power.

For the analysis a case scenario was de�ned and Tab. 4 lists the speci�cations and con-

sidered conditions. The cost for CO2-emissions was �xed to 5 e/tCO2
, which is the current

stock exchange traded CO2 European Emission Allowances price. As a further constraint no

emission of carbon monoxide (CO) is desired since its toxicity. Thus, all CO that is formed

in the overall production is either consumed or oxidized into CO2.
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Table 3: Comparison of di�erent energy sources

Energy Source Cost CO2-emission References

Unit ct/kWh g/kWh
Electrical energy

Lignite 3.3 1025 43�45

Bituminous coal 2.8 925 43�45

Natural gas 4.2 475 43�45

Biomass 9.6 100∗ 43�45

German power-mix 5.9∗∗ 535 43,44,46

Nuclear energy 3.5 10 43�45

Water 10.2 10.5 43�45

Photovoltaic 30 50 43�45

Wind (onshore) 10.1 11 43�45

Wind (o�shore) 13.1 11 43�45

Heat supply

Lignite 1.3 410 43�45

Bituminous coal 1.1 370 43�45

Natural gas 2.3 260 43�45

Biomass 5.3 55∗ 43�45

German power-mix 6.2∗∗ 565 43,44,46

Wind (onshore) 10.7 11.5 43�45

Wind (o�shore) 13.8 11.5 43�45

** CO2-consumption during biomass growth is not considered

** Calculated for German power mix42

Table 4: De�nition of scenario

Parameter Symbol Unit Value

Operational conditions

Plant capacity ṄCH3OH,out
tCH3OH/a 100000

Reference temperature T0 K 298.15
Reference pressure p0 bar 1

E�ciencies

Power generation ηec - 0.35
Heat supply ηht - 0.85

Economics

Rate of interest z % 6
Payback time n a 20

Heat Exchange

Heat exchanger area cost cHX e/m2 200
Heat transfer coe�cient k W/m2K 50
Min. temp. di�erence ∆Tmin K 10

Emissions

CO2-certi�cate price cCO2
e/tCO2

5
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Results

For the methanol production process a systematic evaluation of di�erent feedstock sources

as well as di�erent energy sources was carried out with the proposed linear programming

approach. The di�erent possible sources for both feedstock and energy supply are given in

Tab. 3. Fossil based energy sources, such as coal and natural gas as well as renewables, such

as biomass, wind and photovoltaics are considered. Furthermore, for the transition period

the current German power mix and nuclear power are taken into account. For the carbon

feedstock fossil and renewable sources are considered, i.e. lignite and bituminous, natural

gas, biomass and CO2. The CO2 source is not further speci�ed in the following analysis but

it was assumed that CO2 was purchased for the CO2-certi�cate price given in Tab. 4.

The �rst main indicator, the speci�c methanol production cost, was directly obtained

by solving the linear program and dividing the TAC of the optimal process con�guration

by the methanol product �ux. In order to evaluate also the second indicator, the speci�c

carbon dioxide emission, Eq. (32) was applied to compute the total CO2-emissions ECO2 of

the overall production process.

ECO2 = eCO2,Q̇
·
M∑
j=1

Q̇
(j)
ext + eCO2,Ẇ

·
M∑
j=1

Ẇ
(j)
ext + ṄCO2,out (32)

Eq. (32) accounts for both the direct emission (ṄCO2,out) and also the indirect emissions

caused by the energy supply (Q̇ext
(j) , Ẇ ext

(j) ) of all processes j.

Evaluation of di�erent feedstock and energy sources

Initially, the dependence of the indicators, speci�c methanol production cost cs and speci�c

CO2-emissions es, on the di�erent feedstock and energy sources were examined. Therefore,

systematically for each combination of feedstock, heat and power source as listed in Tab. 3 the

linear program was solved. The results of cs and es depending on the sources for feedstock

and energy are illustrated in Fig. 3. The nine power sources can roughly be classi�ed in

21

Page 21 of 52

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



the three categories fossil (coal and natural gas), renewable (biomass, water, photovoltaics

and wind) and in a mix category characterizing the transition period (German power mix

and nuclear energy). The speci�c cost and speci�c emissions as a function of feedstock

and energy supply source are illustrated in a mosaic pattern plot. The di�erent feedstock

sources, depicted at the vertical axis, and heat sources, depicted at the horizontal axis, form

the frames of the mosaic. Within the frames the nine possible electricity sources are clustered

in a in a 3× 3 mosaic pattern, where each element corresponds to one of the nine considered

power sources. The order of the di�erent power sources in the mosaic pattern is also given

in Fig. 3 d.

The speci�c CO2-emission vary in a range of about −1.3 to 5.6 tCO2/tCH3OH, whereby a neg-

ative value means that more CO2 is consumed in the production process than emitted, which

is possible if CO2 is used as feedstock. However, then the speci�c cost lies above 2200 e/tCH3OH,

whereas for the other considered feedstock sources only cost between 132 and 583 e/tCH3OH

were observed, which is in good accordance to other published results47.

Neglecting �rst CO2 as feedstock, one can observe that for fossil feedstock the speci�c

cost are only 25 − 40 % of the cost for biomass as feedstock. Also it is �gured out that

the usage of coal � lignite or bituminous � leads to slightly higher speci�c cost than natural

gas. Similar observations can be made for the di�erent heat and power sources. Switching

from fossil energy carriers to renewable energies leads to higher speci�c cost. However, a

stronger in�uence for the heat source than for the power source on the cost were noticed.

This is reasoned in the fact that for the methanol production, except for CO2 as feedstock,

classical petrochemical processes are preferable which results in a higher heat than power

demand. In terms of the speci�c CO2-emission the processes using coal either as feedstock

or as energy supply source show the highest emissions, which however can be drastically

decreased if renewable energy sources are exploited. However, for biomass this cannot be

observed, since it leads to higher emissions than fossil natural gas. This is reasoned in the

fact that during anaerobic digestion of biomass into biogas the coupled by-product CO2 is
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formed, which is emitted if no further usage is realized. In this context, it is important

to mention that in other studies45 the coupled CO2-production in a biogas plant often is

not negative considered since CO2 is consumed during the growth of the biomass. This

assumption of carbon neutrality leads to drastically improved carbon footprints of biomass

processes.

The challenges of a further usage of the produced CO2 becomes obvious when considering

the results in Fig. 3 for CO2 as feedstock. Much energy is required since CO2 has to be

chemically activated in order to convert it into methanol. This leads to high cost and also

the speci�c CO2-emissions depend strongly on the energy source. It can be seen that on the

one hand the lowest emissions or even a net consumption of CO2 can be achieved if renewable

sources are exploited for the energy supply. However, on the other hand also the highest

emissions are observed if the required energy is supplied from fossil sources. Therefore, it

is important to emphasize that only the usage of renewable energy sources leads to a net

consumption of CO2. This also means that the often discussed electri�cation of chemical

processes1 is only reasonable if su�cient renewable energy is available. In particular, the

current German power mix as energy source would lead to a negative carbon footprint

although CO2 is consumed as feedstock. In this case the indirect emissions caused by the

energy demand are higher than the direct CO2-consumption.

Considering the results in this study it can be stated that natural gas as feedstock as well

as energy source is advantageous. The speci�c emissions are in a range of 0.01 tCO2/tCH3OH if

considering wind as energy source and 1.06 tCO2/tCH3OH if the required power is coal based.

Only for the use of CO2 as feedstock lower emissions are possible. Also in terms of the

speci�c cost natural gas performs well. The lowest obtained cost of 132 e/tCH3OH are achieved

by using natural gas as feedstock and the highest cost for natural gas of 323 e/tCH3OH are

even lower than the best results for biomass as feedstock.

As �gured out a nearly zero carbon dioxide emission of methanol production can be

reached for natural gas as feedstock source if the energy demand is provided from renewables.
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For further examinations as a reference case the con�guration using natural gas as feedstock

source and wind as heat and power supply was chosen. This con�guration is marked with

a star (*) in Fig. 3 and shows speci�c cost of 222 e/tCH3OH and speci�c CO2-emissions of

0.01 tCO2/tCH3OH. In Fig. 3 c we analyzed the theoretical prices of CO2-certi�cates which are

required in order to make the reference con�guration cost optimal. A resulting certi�cate

price of zero means either the corresponding con�guration shows a lower emission than

the reference con�guration (e.g. for some CO2-processes with a net CO2 consumption) or

the con�guration cannot become cost optimal independent on the certi�cate price. This is

the case for biomass feeded con�gurations which are more expensive although the speci�c

emissions are higher than at the reference case.

It becomes obvious that the current certi�cate price of about 5 e/tCO2
is not su�cient

for the support of renewable energies. Our analysis gives prices in the range of about 50 −

150 e/tCO2
in order to achieve competitive speci�c production cost for a fossil and renewable

based production. This is in agreement with other studies that also estimate the need of

prices for CO2-certi�cate in the range of 50 − 110 e/tCO2
until 2050 in order to achieve the

climate goals48.

Not only the information about cost and emissions obtained in the analyses before but

also the structure of the production network is crucial. Structure information are directly

delivered by the proposed method since all mass and energetic �uxes are decision variables

of the LP. In this way, the optimal �ux distribution of all internal and external �uxes is

determined. In Fig. 3 each element of the mosaic pattern corresponds to one process con-

�guration. These con�gurations di�er in the sources for feedstock and energy supply or

also in the overall process structure and involved processes. In Fig. 4 for each type of feed-

stock source (coal, natural gas, biomass and CO2) the con�guration with the lowest speci�c

production cost (red background) and additionally the cost optimal con�guration that si-

multaneously shows the lowest CO2-emission (green background) is illustrated. Since the

process structures are equal for con�gurations using lignite or bituminous as feedstock, the
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type of coal is not distinguished in the following.

As also derived from the mosaic plots one can see that the coal and biomass feeded

processes have direct CO2-emissions which is mainly the reason for the high speci�c emissions.

Two processes appear in every process con�guration, namely the methanol synthesis process

for the conversion of synthesis gas into methanol and the steam generator for the supply

of steam. Depending on the feedstock source at least one further process is present for the

conversion of the feestock. In case of coal it is coal gasi�cation, in case of natural gas a

reforming process and for the biomass the anaerobic digestion in order to form methane.

Considering CO2 as feedstock electrochemical electrolysis processes appear to provide CO

and H2 from CO2 or H2O. For the electrochemical processes the electrical grid as power

supply is depicted in addition to heat utilities. However, also for the other processes electrical

energy is required, e.g. for adjusting pressure levels. In these cases the power demand is

rather low compared to the heat demand and thereby not depicted in Fig. 4. All obtained

results are derived for the considered scenario conditions given in Tab. 4.

In the following brie�y a sensitivity analysis is carried out in order to examine the in�u-

ence of the scenario conditions on the speci�c cost and speci�c CO2-emissions. In particular

the in�uence of uncertainties in cost for electrical energy and CO2-certi�cates is examined.

In Fig. 5 the optimal speci�c production cost and corresponding CO2-emissions are illus-

trated for di�erent cost levels. The electricity price is depicted at the horizontal axis and

the CO2-certi�cate prices at the vertical axis. The analysis is performed for natural gas as

feedstock as well as heat supply and wind as energy supply source. As expected the spe-

ci�c production cost raise with increasing power and certi�cate cost. The in�uence of the

electricity price on the production cost is much higher than the CO2-certi�cate prices. One

can see that an increase in electricity cost of 5 ct/kWh has the same impact as an increase of

about 50 to 100 e/tCO2
for the certi�cates. When comparing the electricity prices for fossil

based power (3 - 4 ct/kWh) with renewable based power (> 10 ct/kWh), again the urgent need

for higher CO2-certi�cate prices becomes obvious.
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Considering also the in�uence on the speci�c CO2-emissions it can be stated that a raise

of current CO2-certi�cate prices from 5 to 50 e/tCO2
would reduce the emissions by about

50 − 60 % while the speci�c cost increases only by about 5 − 10 %.

Analysis of combined feedstock sources

So far the di�erent feedstock sources were analyzed separately. Therefore, we examined also

the in�uence of the di�erent energy sources on the key indicators if all feedstock sources are

available simultaneously. In Fig. 6 the speci�c cost as well as the speci�c emissions depending

on the heat source (horizontal axis) and the power source (vertical axis) are illustrated.

As expected, the reciprocal dependence of cost and emissions can be observed. The

speci�c cost are in a range of about 104 to 258 e/tCH3OH and thereby signi�cantly lower com-

pared to the single feedstock analysis. An even larger di�erence is discernible for the speci�c

emissions, which are between −0.34 and 0.52 tCO2/tCH3OH. It can be seen that the lowest CO2-

emission were achieved if renewable sources, such as wind and biomass, are used for the heat

supply. However, in these cases the speci�c cost are high. Also using the current German

power mix as heat source by electrical heating leads to low emissions if simultaneously a

power source with low emissions is used, which is unexpected when considering Tab. 3. In

order to examine the reason an analysis of the optimal reforming processes for the conversion

of methane into synthesis gas was carried out. In Fig. 7 the optimal reforming processes for

each combination of heat and power source are illustrated. One can see that three di�erent

combinations of reforming processes are obtained ((a) a combination of high temperature

steam reforming (SR(HT) and dry reforming (DR), (b) dry reforming, (c) low temperature

steam reforming). Except for using electricity from photovoltaic the power source does not

in�uence the choice of the reforming process. Generally, con�guration (a) becomes optimal

for fossil heat supply sources while renewable sources and also the German power mix en-

ables the low temperature steam reforming process. The corresponding process structures

are illustrated in Fig. 8. For all combinations of heat and power sources a simultaneous
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usage of natural gas and CO2 as feedstock source becomes optimal. For fossil heat sources

the classical high temperature steam reforming is used to convert methane into synthesis

gas. The endothermic steam reforming process is favored at high temperatures according

to Le Chatelier's principle. Consequently, the performance of the low temperature steam

reforming process is worse compared to the classical process which results in a higher power

demand for the additional separation. However, more available internal heat, provided from

the methanol synthesis, can be transferred internally since the heat is required at a lower

temperature level for the low temperature process (450 ◦C) compared to the high temper-

ature process (> 900 ◦C). Therefore, for the heat supply based on renewable resources the

low temperature steam reforming process is preferred since the increase in cost for the raised

power demand is lower than the reduction of external heat supply cost. Only for process

con�gurations using power from photovoltaic a shift towards a more electri�ed process does

not become optimal due to the high price of electricity from photovoltaics as shown in Tab. 3.

Analyzing the three di�erent possible process con�gurations as shown in Fig. 8 one can

see that 25 % of the carbon atoms in the �nal methanol molecule are provided by CO2. The

chemical activation of CO2 in order to convert it into other products requires much energy.

Therefore, a second energy rich reactant is needed to provide a part of the energy. The

second reactant is either methane that is together with CO2 converted into synthesis gas in

a dry reforming process or together with hydrogen in the reverse water gas shift process.

The low temperature steam reforming process (Fig. 7 c) becomes only optimal if the heat

supply cost are signi�cantly higher than the cost for electricity. It can be seen that in case

of a renewable based heat supply, resulting in high heat supply cost, no cooling duty is

required since all available heat from the methanol process is transferred internally. In case

of a fossil based heat supply the available heat from methanol synthesis process is partly

released to the environment because the heat exchanger cost at low temperatures becomes

more expensive than external heat supply. The considered heat exchanger speci�cations and

cost are given in Tab. 4.
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Considering the results obtained for methane as single feedstock source (Fig. 4) it becomes

obvious why the combined usage of methane and CO2 as feedstock source is advantageous.

Hydrogen was formed in surplus resulting in an additional outlet stream and is therefore

available for the conversion of synthesis gas if CO2 is present as second reactant.

While the analysis was carried out for a low price of CO2 of 5 e/tCO2
, it can be shown that

the simultaneous usage of natural gas and carbon dioxide as feedstock is optimal also for

certi�cate prices up to 40 e/tCO2
. Therefore, especially during the transition period from fossil

resources towards a completely renewable based production the combined usage of natural

gas and CO2 is a promising option.

Multiobjective optimization

In the obtained results the strong reciprocal relation between cost and emissions could be

observed. In most cases the methanol speci�c production cost increase with decreasing

speci�c carbon dioxide emissions or vise versa. Therefore, a tradeo� between cost and

emissions is required which is desired to be minimized. Mathematically spoken this leads

to a multiobjective optimization problem. By introducing the weight factor w ∈ [0, 1] that

weights the two reciprocal objectives a multiobjective function can be formulated.

f (x) = w · TAC + (1− w) · cCO2ECO2 (33)

Considering the already presented results one can see that natural gas as feedstock source

already gives a promising tradeo� between cost and emission. Therefore, for natural gas as

feedstock the linear program applying the multiobjective function (33) was solved for each

combination of heat and power source and weighting factors between 0 and 1. The resulting

Pareto optimal curve of the multiobjective optimization problem is shown in Fig. 9.

The speci�c CO2-emission is depicted at the horizontal axis and the speci�c cost at the

vertical axix. Each blue dot in Fig. 9 corresponds to one optimal process con�guration
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obtained by solving the multiobjective linear program. The black dashed curve is achieved

by curve �tting and denotes the Pareto optimal curve. Each point along the Pareto curve

depict the optimal tradeo� of both objectives. Although the datapoints are distributed,

the clear trend of increasing speci�c cost for decreasing speci�c emission is recognizable. In

particular for very low emissions smaller than 0.05 tCO2/tCH3OH the cost increase drastically.

However, in the range between 0.05 and 1 tCO2/tCH3OH the slope of the curve is quite �at.

This means that in case of using natural gas as feedstock a high reduction potential of CO2-

emission exists at comparably small increase in cost. Such an increase of cost could easily

be compensated by a political decision to raise the price of CO2-certi�cates.
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* *

(a) (b)

(d)(c)

Figure 3: Systematically evaluation of the in�uence of di�erent sources for feedstock, heat
and power supply on the speci�c production cost (a) and on the speci�c CO2-emissions (b);
evaluation of required CO2-certi�cate cost to support low emission processes (c); order of
clustered power sources (d); element of reference con�guration for further analysis marked
with *
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Feed Source:
  CO2

Energy Source:
  Renwable
Spec. Cost:
  1031 €/tCH3OH

CO2-emission:
 -1.30  CO2/tCH3OH

Feed Source:
  Coal
Energy Source:
  Fossil
Spec. Cost:
  143 €/tCH3OH

CO2-emission:
  1.16 tCO2/tCH3OH

Feed Source:
  Coal
Energy Source:
  Renwable
Spec. Cost:
  295 €/tCH3OH

CO2-emission:
 0.71  CO2/tCH3OH

HTW-
Gasification

Feed Source:
  Natural gas
Energy Source:
  Fossil
Spec. Cost:
  140 €/tCH3OH

CO2-emission:
  0.69 tCO2/tCH3OH

Feed Source:
  Natural gas
Energy Source:
  Renwable
Spec. Cost:
  262 €/tCH3OH

CO2-emission:
 0.02  CO2/tCH3OH

Feed Source:
  Biomass
Energy Source:
  Fossil
Spec. Cost:
  359 €/tCH3OH

CO2-emission:
  1.21 tCO2/tCH3OH

Feed Source:
  Biomass
Energy Source:
  Renewable
Spec. Cost:
  515 €/tCH3OH

CO2-emission:
  0.71 tCO2/tCH3OH

Feed Source:
  CO2

Energy Source:
  Fossil
Spec. Cost:
  359 €/tCH3OH

CO2-emission:
  1.21 tCO2/tCH3OH

Figure 4: Schematic illustration of optimal process con�gurations for the di�erent feedstock
sources coal (1st row), natural gas (2nd row), biomass (3rd row) and CO2 (4th row); de-
picted are the overall cost optimal con�gurations with red background (left column) and
the renewable energy provided con�gurations with lowest speci�c CO2-emission with green
background (right column)
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Figure 5: In�uence of cost for electricity and cost for CO2-certi�cates on the speci�c pro-
duction cost (left) and on the speci�c CO2-emissions

Figure 6: Evaluation of the in�uence of energy supply sources on the speci�c cost (left) and
on the CO2-emissions (right)

Figure 7: Analysis of the reforming processes for the conversion of methane into synthesis
gas for each combination of heat and power source
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(a) (b) (c)

Figure 8: Flowsheets of the optimal process con�guration for the methanol synthesis using
methane and carbon dioxide as feedstock sources depending on di�erent reforming processes;
(a) combination of high temperature steam reforming and dry reforming; (b) dry reforming
and water gas shift; (c) low temperature steam reforming and reverse water gas shift
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Figure 9: Pareto optimal curve of multiobjective optimization problem using natural gas as
feedstock source and each combination of heat and power source for methanol synthesis
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Conclusions

In this study a linear programming approach is proposed for the structure optimization

and economic evaluation of Renewables-to-Chemicals (R2Chem) production networks. The

overall chemical production plant is divided into single conversion processes modeled by

means of mass, enthalpy and entropy balances. Under suitable assumptions linear equations

and inequalities can be derived which represent the constraints of a linear programming

problem (LP). All mass and energetic �uxes within the production system appear as decision

variables in the LP. Furthermore, by introducing an extent variable for each process, ξ̇, it is

possible to establish a model formulation without binary decision variables. By use of the

extent variable binary decisions are relaxed such that the optimizer is able to take the decision

whether the corresponding process in the superstructure should be active or not. In order to

compare the di�erent alternatives in the superstructure an economic objective function was

applied. The economic model takes into account both the operating and the capital cost.

Also cost for direct and indirect CO2-emissions, which are caused by the energy supply,

are considered. The proposed method was applied to the methanol production process.

Di�erent feedstock as well as energy sources were systematically evaluated in terms of speci�c

production cost and speci�c CO2-emissions. As a result it could be shown that natural gas

gives a good tradeo� between cost and emissions. Thus, in particular for the transition

period towards an economy solely based on renewables, the increased usage of natural gas

for chemical production seems to be the most viable option. Moreover, it could be shown for

the methanol synthesis that the lowest emissions, and even a net CO2 consumption, could be

achieved if CO2 was used as feedstock thereby completely exploiting renewables for energy

supply. However, the resulting production cost increase drastically since much energy for

the activation of CO2 is required. One promising possibility to use CO2 as feedstock is the

combination with natural gas as feedstock, provided that the CO2 is available at convenient

cost. As a result of this study one also can see that the electri�cation of chemical processes

is not economically competitive nowadays. Furthermore, a positive ecological impact is only
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realizable if renewable energies are used.

The proposed process network design methodology is a simple, yet very e�ective approach

for the structure optimization of complex chemical production networks and the systematical

screening and evaluation of di�erent production pathway alternatives. Since mass and energy

�uxes are optimized simultaneously also synergies between di�erent processes, in particular

internal heat transfer possibilities, are considered. One advantage of formulating a linear

program is the identi�cation of a global optimum. In this way the cost, the energy demand,

CO2-emission as well as other key parameters can be estimated on a very reliable basis. Also

the sensitivity of di�erent process con�guration on the overall process performance can be

assessed since it is easily possible to analyze a given process at di�erent temperature and

pressure conditions. In this way our tool also may help answering questions regarding the

impact of catalyst development for key processes on the overall process system performance.

Moreover, it is conceivable to assess novel process pathways if the method is applied to less

established chemical reaction systems.

However, the method has some limitations. In order to �nd a linear model formulation

of the overall process the subprocesses are considered as black boxes. In this way only

interactions between single processes can be analyzed and optimized. Questions regarding the

internal design of these processes in terms of process units cannot be addressed applying the

proposed method. Thus, in a future work it is required to split up the overall process box into

subunits, such as reactors, separators and auxiliary units. Then, not only thermodynamic

but also kinetic e�ects could be included in the system optimization and thereby cost could be

estimated much more precisely. However, by applying the proposed approach it is possible to

screen a large chemical superstructure in order to �nd the most promising process pathways.

These candidates could be examined in detail subsequently by means of more rigorous process

simulation and optimization tools.
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Supporting Information Available

• Supporting_Information.pdf: Figure S1: in�uence of energy conversion e�ciency on

energetic �uxes; Figure S2: driving force for internal heat transfer; Figure S3: linearized

dependency of investment cost on the energy loss; Table S1: thermodynamic data;

Table S2: considered conversion processes

This information is available free of charge via the Internet at http://pubs.acs.org/.
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Feed Source:
  CO2

Energy Source:
  Renwable
Spec. Cost:
  1031 €/tCH3OH

CO2-emission:
 -1.30  CO2/tCH3OH

Feed Source:
  Coal
Energy Source:
  Fossil
Spec. Cost:
  143 €/tCH3OH

CO2-emission:
  1.16 tCO2/tCH3OH

Feed Source:
  Coal
Energy Source:
  Renwable
Spec. Cost:
  295 €/tCH3OH

CO2-emission:
 0.71  CO2/tCH3OH

HTW-
Gasification

Feed Source:
  Natural gas
Energy Source:
  Fossil
Spec. Cost:
  140 €/tCH3OH

CO2-emission:
  0.69 tCO2/tCH3OH

Feed Source:
  Natural gas
Energy Source:
  Renwable
Spec. Cost:
  262 €/tCH3OH

CO2-emission:
 0.02  CO2/tCH3OH

Feed Source:
  Biomass
Energy Source:
  Fossil
Spec. Cost:
  359 €/tCH3OH

CO2-emission:
  1.21 tCO2/tCH3OH

Feed Source:
  Biomass
Energy Source:
  Renewable
Spec. Cost:
  515 €/tCH3OH

CO2-emission:
  0.71 tCO2/tCH3OH

Feed Source:
  CO2

Energy Source:
  Fossil
Spec. Cost:
  359 €/tCH3OH

CO2-emission:
  1.21 tCO2/tCH3OH
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