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Kurzfassung

In der vorliegenden Arbeit wird ein solarer Reformierungsprozess zur Methanolherstellung
untersucht. Der Prozess stellt eine Mdglichkeit dar, die mit diesem Herstellungsprozess
verbundenen Treibhausgasemissionen zeitnah bedeutend zu reduzieren. Hiermit ware ein
wesentlicher Schritt in der Entwicklung einer nachhaltigeren Chemieindustrie geleistet.
DarUber hinaus lasst sich Methanol auch als Brennstoff einsetzen. So kann Methanol einen
Beitrag zu einer klimaschonenderen Energieversorgung leisten, wenn er durch solare

Reformierung produziert wird.

Zunachst wurde in der Arbeit ein Gesamtprozess auf Basis der indirekt beheizten solaren
Reformierung entwickelt. Hierbei war ein Ziel die anfallenden Abwarmestréme zu nutzen.
Infolgedessen wird ein groBer Teil der Abwarme in einem Wasser-Dampf-Kreislauf zur
Stromproduktion genutzt, da es hierfir keine sinnvolle Verwendung im Prozess gibt.
Dartber hinaus wird der Off-Gas-Strom der Methanolsynthese teilweise zur

Stromproduktion eingesetzt.

Der entwickelte Prozess nutzt Sonnenenergie und Erdgas und produziert hieraus Methanol
und elektrischen Strom. Das Verhaltnis der verschiedenen Stréme zueinander ist hierbei
durch  Parametervariation  veranderbar. Eine Optimierung mit  herkdmmlichen
Bewertungskriterien wie Energie- oder Exergiebilanzen ist daher nicht mdéglich. Folglich
wurde ein Bewertungskriterium entwickelt, dass auf dem Ziel basiert den Verbrauch der

Fossilen Rohstoffe und die damit verbundenen Treibhausgasemissionen zu reduzieren.

Auf Basis dieses Bewertungskriteriums wurde der Prozess mithilfe von Parametervariationen
optimiert. Die Ergebnisse zeigen, dass der Prozess das Potential hat Sonnenenergie
effektiver zu nutzen, als dies bei der reinen Stromproduktion der Fall ist. Eine anschlieBende
Wirtschaftlichkeitsbetrachtung  zeigte, dass der Prozess zur  konventionellen
Sonnenenergienutzung theoretisch konkurrenzfahig ist. In der Praxis mussten hierfir jedoch
entsprechende Foérdermechanismen, wie sie fur die Stromproduktion existieren, fur die

Herstellung von Chemierohstoffen eingefiihrt werden.
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Abstract

In the present work, a solar reforming process for production of methanol was investigated.
With this process, it is possible to reduce the greenhouse-gas emissions associated with the
production of methanol significantly in the near-term future. This would be a significant
step in the development of a more sustainable chemical industry. Furthermore, methanol
can be applied as a fuel. Thus, methanol can contribute to a more climate friendly energy

supply, if it is produced via solar reforming.

First of all, the overall reforming process was developed based on the concept of indirectly
heated solar reforming. One central aspect of this was to make use of the waste-heat
streams. As a consequence a large fraction of the off heat is converted into electricity in a
water steam cycle, because no other demand exists for this heat. Furthermore, the off-gas

stream of the methanol synthesis is partly used for additional electricity production.

The developed process uses solar energy and natural gas to produce methanol and
electricity. The ratio between the different streams can be changed by parameter variation.
An optimization of the process with conventional criteria such as energy- or exergy-
balances is therefore not possible. Thus, a new evaluation criterion was developed. This
criterion is based on the target to reduce fossil fuels reduction and the associated

greenhouse-gas emissions.

Based on this evaluation criterion, the process was optimized by parameter variation. The
results show that the process has the potential to make more efficient use of solar energy
than is the case for sole production of electricity. A subsequent economic investigation
showed that the developed process can in theory be competitive with conventional solar
energy utilization. However, in practice support mechanism, as they exist for solar electricity

production, would have to be implemented for solar production of chemical feedstocks.
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1. Introduction

In the past decades, it has become clear that global warming will be one of the
predominant challenges of the 215t century. Furthermore, today it is broadly accepted that
global warming is mainly caused by anthropogenic emissions of greenhouse gases (GHG),
of which carbon dioxide (CO,) is the most important one. As the working group one (WG I)
of the intergovernmental panel on climate change (IPCC) reported in 2013, the
concentration of CO, in the atmosphere reached a value of 391 ppm in 2011, exceeding all
values determined for the past 800,000 years [1]. Energy supply of humanity is the major
source of GHG emissions, therefore it is the main driver of the anthropogenic climate
change [2]. The working group two (WG II) of the IPCC addressed the positive and negative
effects that are to be expected from climate change in its report [3]. In the report it is stated
that most effects vary significantly with location, at times causing a positive effect in one
region and a negative effect in another. However, the overall effect is expected to be clearly
negative on many aspects of live such as human health, settlement and society, industry
and coastal systems. For instance, deaths, diseases and injuries due to heatwaves and other
natural events are expected to increase globally. It is furthermore stated that especially
developing countries will suffer from floodings in the future, since adaption will be more
challenging for them than for industrialized countries. From these findings it becomes
obvious that there is a strong urge to prevent or reduce the extent of climate change. In

order to do so, it is necessary to significantly reduce the GHG emissions.

Opposing the need to reduce emissions, a rise in the global energy demand, for a large part
caused by strongly increasing demand in Asia, particularly in China, can currently be
observed [4]. Even among those accepting that actions have to be taken to reduce GHG
emissions, it is commonly accepted that the standard of living should not suffer from these
actions and that the increase of the standard of living in developing countries should not be
impeded. As currently more than 90 % of the world’s energy demand is supplied by fossil
fuels and nuclear energy [4], a broad field of implementation possibilities for renewable
energies still exists. The most efficient possibilities to reduce GHG emissions should be

identified and implemented with particular urge.



Currently a large effort is expended on the implementation on renewable energies in some
countries. For instance, in Germany 11 % of the primary energy supply was derived from
renewable resources in 2011. For comparison: The share was below 2 % until 1997.
Internationally, the single largest role within the renewable energies is currently occupied by
biomass. A large part of the renewable energies are implemented into the electricity
generation system, in Germany, they account for 30 % of the total electricity production in
2015, with wind, biomass, photovoltaics and hydropower as the major resources [5].
Considering that biomass is the only renewable feedstock that can relatively easily be used
as chemical feedstock by conversion into base chemicals such as naphta or methanol, its
utilization as energy carrier is questionable when establishing a global economy purely
based on renewable feedstocks. Furthermore, very little success can be observed in
implementing renewable energies in the direct provision of process heat in industrial
processes: 11.2 % of the global end-energy consumption in 2012 can be attributed to
industrial use of natural gas and oil [4], making up approx. 42,379 PJ annually. Assumingly
the majority of this energy is used for provision of heat. Biomass and solar thermal
applications appear to be the most appropriate candidates to provide this energy from
renewable resources. They both use the intermediate step of heat generation in most
applications. Therefore, they can be operated demand oriented, in contrast to wind,
photovoltaics and hydropower that produce electricity directly. As mentioned previously,
biomass should preferably be used as a material feedstock in production of commodities.
Furthermore its availability is limited, whereas solar energy’s availability is abundant [6].
Therefore, in this work the possibility of implementation of solar energy into industrial

processes for provision of heat is investigated through the example of solar reforming.

1.1.  Utilization of synthesis-gas from solar reforming

Conventionally, reforming of natural gas is carried out with combustion of additional
natural gas for heat provision. The process can be considered state of the art and is widely
practiced. Rostrup-Nielsen et al. [7] give an overview of the different applications for the
reforming product synthesis gas (or syngas), a mixture of hydrogen, carbon monoxide and

carbon dioxide. They state that it is a key intermediate product in chemical industry.



Furthermore, according to Rostrup-Nielsen et al., in 2000 the main applications were
production of ammonia, methanol and pure hydrogen. As shown by Bartholomew and
Farrauto [8], ammonia synthesis is merely an additional step after production of purified
hydrogen. Therefore, there are only two main applications for conventionally generated

syngas: Production of purified hydrogen and production of methanol.

Different concepts for energetic utilization of syngas exist. However, these are not
meaningful for conventional reforming of natural gas: According to the principle of energy
conservation, there cannot be a benefit from energetic utilization of synthesis gas
compared to the energetic utilization of the total natural gas that was previously used for
production of the syngas. In contrast to that, when utilizing solar energy to fuel the heat of
reaction to the reforming reactor, the process can be considered a storage concept for solar
energy. Therefore, energetic utilization of the syngas produced with solar energy is an
option for decoupling the energy utilization temporally and spatially from the solar energy
supply. In principal two concepts for the energetic utilization of solar syngas have been

proposed: The combustion in a gas turbine and utilization in a solar chemical heat pipe [9].

In the SOLASYS project, a consortium around DLR has produced syngas via solar reforming
of liquefied petroleum gas (LPG). The syngas was then combusted in a modified gas turbine
to generate electricity. The turbine was fed with a mixture of LPG and syngas with up to
40 % of syngas without significant efficiency losses [10]. Both McNaughton [11] as well as
Sheu and Mitsos [12] have conducted simulations of a solar reforming and gas turbine
process and evaluated its efficiency potential. Both came to the conclusion that high solar-
to-electric efficiencies are feasible, making this process a viable alternative to conventional
CSP power plants or other concepts for solar-gas hybrid power plant concepts. Finally, in
the project SolBioPolysy [13], landfill gas was reformed with solar energy and combusted in
an internal combustion engine. However, to the best of the authors knowledge, no results

concerning the engine operation are available.

The solar chemical heat pipe is a concept that literally uses the syngas as thermochemical
heat storage. The reactants and products are kept in a closed loop. The endothermic

reforming reaction is reversed at another time and/or location by the exothermic



methanation reaction to recover high temperature heat. The concept was originally
proposed to utilize nuclear energy in the ADAM-EVA project by KFA Julich [14]. There, the
concept was successfully tested at a 10 MW scale in the early 1980s [15]. The original idea
of the heat pipe, pursued in the ADAM-EVA concept was the distribution of nuclear energy
from high temperature gas-cooled reactors over large distances to individual users, remote
from the nuclear reactor. Between 1989 and 1991, a group from the Weizmann Institute of
Science (WIS) operated a solar chemical heat pipe with an irradiated tubular solar receiver-
reactor successfully at different configurations. However, in their experimental set-up, the
methanation reactor mainly served the purpose of closing the loop and proofing the
concept of the heat pipe, rather than giving results on energetic efficiency [16]. To the best

of the author’s knowledge there are no current activities pursuing this concept.

Both, the combustion of the syngas in a gas turbine as well as the solar chemical heat pipe
have the inherent disadvantage of utilizing the syngas as storage media. In a report on the
topic of syngas storage, Apt et al. [17] discuss its difficulties and the potential in
intermediate storage in integrated gasification combined cycle power plants. They state the
difficulties that the syngas has low volumetric energy density and that the contained
hydrogen makes most metals brittle. They come to the conclusion that syngas storage is
feasible for some hours in integrated gasification power plants. However, the feasible time
scales do not provide an advantage compared to conventional thermal energy storage,
when considering solar generated syngas. Furthermore, the low energy density makes
transport over large distances unfeasible. For instance, for the transport of 100 MW energy
chemically stored in syngas a minimum 3 MW per 100 km of compressor work are

necessary (round trip).

Regarding the production of hydrogen or methanol from solar synthesis gas, there cannot
be a definite choice as to which is more advantageous. However, the production of
methanol features some aspects that make it an attractive option: Methanol is a broadly
applied substance in chemical industry and, as discussed by Bertau et al. [18], has the
potential to be applied as an energy carrier in the future. Its production by means of solar
reforming can significantly reduce the associated natural gas consumption, hence reducing

the greenhouse-gas emissions. When methanol is used as an energy carrier and produced

4



via solar reforming, it is a partly solar fuel. As such, it features some advantages compared
to other possible solar fuels. Those advantages are listed in the following. The arguments

are based on observations by Olah et al. [19].

e Methanol synthesis is well understood and has been practiced industrially for several
decades
e It has a high volumetric energy density (17.9 MJ/I), therefore it is economically
o transportable over large distances
o storable in large amounts over long time intervals
e |t offers a broad range of possible applications as chemical feedstock, transportation
fuel or chemical energy storage medium:
o Combustion in internal combustion engines
o Combustion in gas turbines

o Highly efficient utilization in direct methanol fuel cells is being developed.

It should be added that in China methanol is already widely used both in the chemical
industry as well as blend-in for gasoline and that a strong increase in methanol production
can be observed there [20]. This increasing implementation of the so-called methanol
economy in China will most probably be adapted by other countries and cause a major
increase in global methanol demand, too. With the production of partly solar methanol, as
proposed in this work, CO, emissions attributed to the methanol economy can be

significantly reduced.

1.2. The present study

Even though intensive investigation of solar reforming with different concepts has been
carried out in the past, the subsequent conversion into methanol or another liquid fuel has
not been taken into account. In most research projects the potential efficiency of different
types of solar reforming concepts was experimentally assessed. However, the conditions in
the reforming reactor were chosen rather arbitrarily or dictated by design limitations. An
optimization of the process parameters in context with the subsequent utilization process

and determination of overall process efficiency has not been carried out.



It is the central intention of this study to investigate the possibility of efficient utilization of
concentrated solar power in a reforming process for production of methanol. In order to
allow for a broad and representative assessment of the technologies potential, a numerical

investigation is carried out.

In chapter 2 the necessary theoretical background on reforming of methane, methanol
synthesis and utilization of concentrated solar power is given. Furthermore, the state of the
art of solar reforming is presented. Based on this information, in the subsequent chapter 3,
a new process for methanol production via solar reforming of natural gas is developed. In 4
a criterion is developed to allow for a meaningful evaluation of processes that use
renewable energy for production of products besides electricity. The application of the
developed criterion to the investigated process is also presented. The model of the
investigated process is presented in chapter 5. In chapter 6, the procedure for process
simulation as well as the results are presented. The economic performance of the process is
investigated in chapter 7. In order to do so, a methodology is developed and the results are
presented. Finally conclusions regarding the overall potential of the investigated process are

drawn in chapter 8.



2. Technology Status

Reforming of natural gas is an industrially practiced and well understood process.
Therefore, a large amount of knowledge and experience exists that can be widely applied
to solar reforming as well. Most importantly, this concerns the availability of commercial
catalysts and the already discussed variety of well-developed syngas applications. Due to
the difference between the heat sources for conventional reforming and solar reforming,
namely combustion of natural gas and concentrated solar radiation, several differences and
challenges occur in process design. In more than 25 years of investigation of solar
reforming, several concepts for solar reforming where developed and investigated. No
specific solar reforming technology is developed in this work, but the potential of the
technology in general is assessed. In order to allow for a meaningful investigation, it is
necessary to distinguish between the general heating concepts that are discussed in section
2.3. In order to ensure comprehensiveness of the discussion of the different solar reforming
concepts, the theoretical background is provided in the following two sections. In section
2.1 and 2.2 the thermochemistry and thermodynamics of the reforming reaction and the

fundamentals of the utilization of concentrated solar power are briefly presented.

2.1. Thermochemistry and thermodynamics

In the following two sub-sections, the thermochemistry and thermodynamics of the
reforming reactions and the methanol synthesis are briefly discussed. In the discussion the
necessary theoretical information is given in order to allow for comprehensibility of this
work. An extensive discussion of this topic, is provided in different text books and review
articles (e.q. [7, 8, 14, 21]).

2.1.1. Reforming reactions

From a thermodynamic point of view, the reforming of methane can be described by two
independent chemical equilibrium reactions, the steam reforming reaction (SR) and the

water-gas-shift (WGS). The reactions are presented in Egs. (2.1) and (2.2) respectively.



k]

CH, + H,0 = 3H, + CO AH 59k = 206 —— (2.1)
' mol
0 K

CO + H,0 = H, + CO, AHR p9gx = —41— (2.2)

For complete description of the reaction system and consideration of kinetics, two further
reactions have to be taken into account. These are the reforming of methane with carbon
dioxide, the so-called dry reforming reaction (DR), presented in Eq.(2.3), and the combined

SR and WGS reaction (SR+WGS), presented in Eq.(2.4).

k]

CH, + CO, = 2H, + 2CO AHR yogx = 247 —— (2.3)
’ mol
0 K]

CH, + 2H,0 = 4H, + CO, AHR 209x = 165 — (2.4)

As can be seen from the heat of reaction of the different reactions, the process is highly
endothermic. Hence, an increase of the heating value of the products compared to the
reactants is achieved. Furthermore, the endothermic character indicates that the process is
favored by high temperatures. It can also be seen that according to stoichiometry the
reactions lead to an increase of moles, therefore the reactions are favored by low pressures.
Despite these characteristics, in practice the reactions are carried out at elevated pressures
in order to allow for high mass flows and due to pressure requirements of subsequent
processes. In industrial applications reforming is operated with outlet temperatures of up to
1000 °C and pressures between 20 — 40 bar [7, 9, 22, 23].

The reforming reactions are catalyzed by transition metals of the VII group of the periodic
system. In practice, Ni-based catalysts supported on mixed oxides are commonly used due
to low cost and high catalytic activity. Noble metals like ruthenium and rhodium are also
suitable but rarely used due to high cost. In order to prevent catalyst poisoning, the
reactants have to be free of sulfur contaminants. Therefore, pretreatment of the
hydrocarbon material is nearly always necessary. This is commonly done via hydro-

desulfurization, which can be considered state of the art [7, 8, 14, 22].

Carbon formation can occur through three different routes: methane cracking (cf. eq.
(2.5)), Boudouard reaction (cf. eq. (2.6)) and reduction of carbon monoxide (cf. eq. (2.7))

[7]. Bartholomew and Farrauto [8] state that the use of noble metal, such as rhodium or
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ruthenium, can alleviate the risk of carbon formation. For an industrial application this is
not a feasible possibility, because noble metals are scarce and expensive. Conditions within

the reactor have to be controlled carefully when commercial catalysts are used.

CH, = C + 2H, AHR o5k = —75mk—g)1 (2.5)
2C0 = C+CO, AHR 595k = 172 il (2.6)

’ mol

kJ
CO+H, = C+H,0 AHR p9ex = —131— 2.7)

As can be seen from Egs. (2.5), (2.6) and (2.7), not all three reactions have the same
thermodynamic characteristics. While methane cracking and carbon monoxide reduction
are exothermic, the Boudouard reaction is endothermic. Therefore, neither very low nor
very high temperatures can provide a reaction regime that securely prevents carbon
formation. It can be seen that for hydrogen-free feed gas, an increased risk of carbon
formation at the entrance exists due to methane cracking. The Boudouard reaction can
occur when high carbon monoxide and low carbon dioxide concentration are present in the
reactor at high temperatures. The reduction of carbon monoxide is unlikely to occur in
steam reforming, when excess steam is added. Furthermore, excess steam will lead to
formation of carbon dioxide and prevent occurrence of carbon formation through the
Boudouard reaction at appropriate temperatures. However, Boudouard reaction equilibrium
will set the maximum temperature and methane cracking will limit the minimum
temperature that will allow carbon-free operation. Rostrup-Nielsen [14] states that in steam
reforming processes for methanol or hydrogen production with reasonably high steam to
natural gas ratio, carbon formation is unlikely to occur. Therefore, in this work, carbon
formation in the reactor will not be dealt with and an appropriate ratio of steam to natural
gas is set in the simulations. However, for the actual design of reforming reactors this issue
has to be dealt with carefully in order to prevent catalyst deactivation. Bartholomew and
Farrauto [8] give a detailed approach on how to evaluate carbon formation in a reforming

reactor.



2.1.2. Methanol synthesis reactions

The methanol synthesis reactions that are given in Egs. (2.8) and (2.9) are both exothermic

and cause a reduction in amount of substance.

k
CO + 2H, = CH;0H AHR 5ogx = —90.7 LN (2.8)
’ mol
0 k]
CO, + 3H, = CH3;0H + H,0 AHR zoax = —49.5 — (2.9)

They are therefore promoted by low temperatures and high pressures. However, as can be
seen from the kinetics published by van den Bussche and Froment [24], the reaction rates
are promoted by high temperatures. Olah et al. [19] give values for typical pressure and
temperatures in the methanol reactor when state of the art copper-zinc based catalysts are
used. They give values of 200 °C and 300 °C for temperature and 50 — 100 bar for
pressure. However, according to Bartholomew and Farrauto [8] the conversion of hydrogen
into methanol per pass is limited to 8 — 15 % at those conditions. They state that a
separation of water and methanol from the reactor product and recycle of the unreacted
components to the reactor is state of the art. They report typical recycle ratios of 3-7 for

commercial methanol plants.

In order to obtain a syngas suitable for methanol synthesis, a favorable ratio of H,, CO, and
CO has to be achieved. Different forms of these ratios have been proposed, all refer to
mole fractions z of the species. A ratio of 1.05 for H, / (2 CO + 3 CO,) is proposed by
Bartholomew and Farrauto [8] while Huber et al. [25] proposes a ratio of 2.05 for the ratio
M that is defined according to Eq. (7.5). It quantifies the ratio of the difference between
the molar hydrogen and carbon dioxide fraction to the sum of molar carbon dioxide and

carbon monoxide fraction.

ZH.— Z
Zco, t Zco

2.2. Concentrated solar power for reforming processes

A variety of technologies for concentration and utilization of solar energy exists. The

technologies for concentration of the radiation can generally be distinguished between line-

10



focusing and point focusing. Due to the finite dimensions of the picture of the sun on
earth, the concentration of the radiation is geometrically limited. On earth, these limits are
a concentration ratio of 213 for linefocusing systems and 45,613 for point-focusing systems
[26]. The concentration factor Ceonc is defined in Eq.(2.11): The flux onto the aperture I,
in relation to the direct normal radiation at the surface of the earth DNI (direct normal
irradiance). In practice, line-focusing systems achieve concentration ratios around 100,

power towers 500 to 1000 and dish-systems can achieve several thousand.

Ip
Coone = 22 (2.11)

A detailed description of the solar power tower technology and its components goes
beyond the scope of this work and can be reviewed in available textbooks and literature
(e.g. Pitz-Paal et al. [27], Stieglitz and Heinzel [26]). However, the general principle has to
be kept in mind: As shown in Figure 2-1, a large number of heliostats is used to redirect the
solar radiation to the central receiver that is located at the top of a tower. They compensate
for the apparent movement of the sun by tracking, i.e. adjustment of their orientation, so
that the reflection of the sun is always redirected in the direction of the receiver. In the
solar receiver the concentrated radiation - usually between a few hundred to a thousand
kW/m?2 in the aperture area of the receiver - is absorbed by a solid material, and thereby
converted into heat. The heat is transferred to a heat transfer fluid (HTF) which is used to
transport the heat to the process that is supposed to be heated which is most commonly a
water steam cycle (WSC) or, as in the case of this work, the reforming reactor. Some
aspects regarding the efficiency of the solar receiver are discussed in more detail in the

following.

"
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Figure 2-1: Working principle of solar power tower with central receiver

In Eq. (2.12) a generic energy balance of a solar receiver is given it includes all terms that
principally occur independently of the type of receiver. The useful heat flow Qg is the
difference between the absorbed radiation Q, and the re-emitted heat flux Q, and the heat
losses by convection and conduction, Qcenv aNd Qcong respectively. An ideal receiver will
have neither conductive nor convective losses, hence its energy balance will simplify to
Eq. (2.13); these assumptions may also be valid for some real receivers. In Eq. (2.13), the
first term represents the absorbed radiation, i.e., the product of the effective absorptivity of
the aperture aap, the area of the aperture Aap and the incident flux density onto the
aperture fap. The second term of the equation represents the losses through re-radiation,
i.e., the product of emissivity eap, the aperture area, the Stefan-Boltzmann constant ¢ and
the absorber surface temperature to the power of 4. An ideal receiver will behave as a
black body absorber. Therefore, the value for the absorptivity aap as well as the value for

the emissivity eap will equal 1 [28].

12



Quse = ro - Qs - QConv - QCond (2.12)
ideal receiver: Quse = AapAaplap — apAnpTTaps (2.13)
The energy efficiency of a solar receiver is commonly defined as the useful heat flow
divided by the intercept radiation. For an ideal, non-volumetric receiver without convective
or conductive losses, the efficiency can be described as shown on the right hand side of Eq.
(2.14) [29].
_ AApIAp - AApO-T/;}bs _ O-T/;Lbs

iver = =1-— 2.14
NReceiver AAp IAp IAp ( )

Considering that the flux density onto the aperture is determined through direct normal
irradiance (DNI) that hits the heliostat field area Auwr multiplied with the heliostat field

efficiency nur, the receiver efficiency can be expressed as shown in Eq. (2.75).

O—Tf;}bs
NReceiver = 1 — DNI - A
* AgF " NHF

(2.15)

In Figure 2-2 the efficiency of an ideal receiver, in dependence of absorber surface
temperature and concentration factor is shown. It can be seen that the efficiency for line
focusing systems decreases significantly for temperatures above 700 K. Therefore, in order
to achieve the temperatures required for solar reforming (>> 600 °C / 873 K) point-
focusing technologies seem more suitable than line-focusing systems with lower
concentration ratios. Furthermore, it can be expected that solar reforming will be carried
out in plants with a capacity of at least several MW thermal power in order to benefit from
lower specific plant cost for large scale. Dish concentrators will likely be limited to capacities
below this [27]. Therefore, only solar power towers appear to be suitable for provision of

solar energy to the reforming reaction.
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For a solar receiver with a cavity-type geometry, the aperture area is smaller than the
absorber area, whereas for a regular receiver the areas are identical. In an ideal cavity type
receiver, the radiation into the aperture will be well distributed on the absorber area Apps
inside the cavity, resulting in a lower flux onto the absorber than into the aperture. The

ratio is approximated by the ratio of the areas (Eq.(2.16)).

AAp - IAbs

CCav -

— = 2.16
AAbs IAp ( )

The ratio of aperture to absorber area is called C¢,, in the following. The difference
between a flat absorber and a cavity absorber is further illustrated in Figure 2-3:

Geometry and flux density of a flat- and a cavity type . In the figure, it is indicated,
how the radiation is distributed over the absorber area. The distribution results in a

reduction of flux density onto the absorber compared to a flat receiver.
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Figure 2-3: Geometry and flux density of a flat- and a cavity type absorber
Furthermore, the cavity geometry will increase absorptivity and emissivity of the cavity, as
(multiple) reflections occur on the absorber surface walls before the radiation leaves the
cavity [29]. The effective absorptivity a4, of a receiver can be calculated as presented in Eq.
(2.17). The calculation can be applied to the emissivity as well. It can be seen that for small
values of C¢,y the effective absorptivity approaches the value 1. Therefore, the influence of
the intrinsic absorptivity of the absorber a,ps structure on the optical properties of the
receiver is small for receivers with small values of Cc,,. This indicates that for cavity

absorbers the effective optical properties are improved compared to flat absorbers.

ro — X Abs
IAp : AAp CCav + Apps - (1 - CCav)

Upp = (2.17)

In utilization of concentrated solar power, energy storage systems are commonly used in
order to extend the time of operation for several hours beyond sunset or even allow for
base-load operation nearly continuously [30]. For instance, solar reserve reports In order to
allow for high capacity factors of the power block, the capacity of the solar part of the
system is designed larger than the power block. The factor between the nominal capacity
of the solar part and the nominal capacity of the power block is commonly referred to as
solar multiple (SM). In this work, the solar multiple is defined as the nominal thermal

capacity of the receiver in relation to the nominal capacity of the subsequent process.
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2.3. Solar reforming concepts

In the past, a large number of concepts for introduction of solar energy into the reforming
reactor have been proposed. Except for some more exotic concepts, all concepts can be

categorized as one of the two following:

1. Indirectly heated reactor with use of a heat transfer fluid (HTF)

2. Directly irradiated receiver-reactor

In the following paragraphs, these two concepts are discussed regarding their general
characteristics and an overview of the corresponding research activities is given. However,
no detailed review of past research projects is provided. An extensive overview of past

research projects is given by Agrafiotis et al. [9] and by Sheu et al. [31].

2.3.1. Indirectly heated reactor

Solar reforming with an indirectly heated reactor refers to a concept where a HTF is heated
in any type of solar receiver that is capable of providing the required temperature. The HTF
is then transported to a reforming reactor where it provides heat to the endothermic

reaction. A sketch of this concept is depicted in Figure 2-4.
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Figure 2-4: Concept of solar reforming with indirectly heated reactor

The main disadvantage of this system is the reduction of efficiency due to the temperature
difference between absorber temperature and reforming temperature: The importance of
high temperature for high conversion in reforming was stated. When achieving a given
syngas outlet temperature the absorber temperature has to be higher than the syngas
outlet temperature. As mentioned previously, thermal radiation of the receiver front due to
its elevated temperature is a significant factor for the efficiency of CSP systems. Therefore,
in this concept the radiative losses will be higher than in a directly irradiated concept.
Another disadvantage that was already reported by Langnickel and Béhmer [32] in 1993
refers to the start-up of the system which will take several hours even after shutdown only
for the night due to constraints in the heat-up rate of the reforming reactor. Therefore,
continuous operation of the process, either by utilization of heat storage or by co-firing,
does not seem to be an option but rather a necessity. So far it has not been assessed if

optimization of the reformer design can reduce the start-up time.

The general benefits of this concept are easier technical realization, more degrees of
freedom in process design and as a result thereof, easier process control. In general, a wide
range of solar receiver types can be used for this process. However, in order to achieve high
conversion of methane in the reformer, the choice is limited to receivers that can provide a
heat transfer fluid with a temperature exceeding 650 °C, in order to allow for methane
conversion greater 85 % at ambient pressure and reasonable steam to methane ratios [9].
The same applies to the choice of heat transfer fluid: Because there is no contact between

the reacting gases and the HTF, principally the only limitation in the choice of HTF is the
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necessary temperature level (if corrosion and material degradation are neglected). For
example, it is unlikely that molten salts will play a significant role in solar reforming, as
operating temperatures of only 565 °C are state of the art and only 650 °C are anticipated
in the medium term [33]. However, gases like air, nitrogen, carbon dioxide, or steam can be
applied in solar reforming. The possibility of utilizing air as HTF enables the utilization of
open receiver concepts. Furthermore, due to the separation of the heat transfer loop and
the reforming part, integration of heat storage or co-firing, e.g. for continuous operation at
lower values of DNI, as well as for an increase of the reforming temperature, are possible in
this concept. McNaughton [34] also states those advantages are the main reasons for
CSIRO's current activities dealing with an air heated solar reformer. Furthermore, he states
another significant advantage compared to directly irradiated concepts for solar reforming:
At non-uniform irradiation of a conventional receiver, the efficiency may decrease, but the
outlet temperature can be kept constant, resulting in constant reforming conditions. In a
directly irradiated concept, this is not the case. This will lead to an overall reduction in
methane conversion and may furthermore cause carbon formation due to hot spots in the

receiver.

2.3.2. Directly irradiated receiver-reactor

The solar reforming process can be intensified to a single core unit that would be most
appropriately be called a receiver-reactor, because the solar receiver also serves as reactor.
Within this concept a further distinction between two concepts is necessary. Firstly, reactors
with irradiated outer surface and secondly with directly irradiated catalyst. In the latter a
window is necessary to prevent mixing of the gases with the surrounding while letting in

the radiation.

A schematic of a receiver-reactor with irradiated outer wall is shown in Figure 2-5. In this
concept, the outer reactor wall absorbs the irradiation and transports it into the reaction
volume conductively. The heat transfer from the outer reactor wall into the reaction volume
is the limiting factor in heat supply. Therefore, the radiative flux onto the reactor tubes is
very limited: Levitan et al. [16] report experiments with a maximum flux onto the reactor

wall of 100 kW/m2. Uhlig et al. [35] report a flux onto the tubes of a tubular air receiver
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(that has similar characteristics in this respect) of approximately 50 kW/m?2. In this concept,
the outer wall temperature of the reactor limits the reaction temperature, as that is the
hottest part of the process. This temperature difference states a similar problem as already
discussed for the indirectly heated concept. However, for the directly irradiated receiver-
reactor concept, it is even more dominant, as the temperature difference between outer
and inner surface of the tubes is usually larger. Due to the low limits of radiative flux and
high required temperatures, it seems most reasonable to realize this concept in a cavity
receiver geometry. It was studied by WIS in 1989 [16]. Later, the concept was further

developed and tested by CSIRO with the SCORE and DCORE receiver-reactors [11].

—> Products

Catalyst bed

.

Concentrated
solar irradiation

L Reactants

Figure 2-5: Concept of solar reforming with directly irradiated reactor
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In the concept of the directly irradiated catalyst, a porous ceramic structure, coated with
catalyst is used for absorption of the concentrated solar radiation and serves as reaction
surface. The receiver-reactor is closed with a quartz window in order to prevent losses of
the reactants, prevent intrusion of air and to enable operation above ambient pressure. A
schematic of this concept is depicted in Figure 2-6 (left). In Figure 2-6 (right) an example of

a porous ceramic absorber structure is shown.

The principal benefit of this concept is that the reaction takes place at the hottest site of
the receiver. Furthermore, because the reforming reaction, which acts as a large energy
sink, takes place in the absorber volume, high energy fluxes are possible, which leads to
small apertures, resulting in lower re-radiation losses of the receiver [36]. Therefore,
compared to the other concepts, the directly irradiated catalyst has the potential to achieve
highest efficiencies. Beyond this, the system can respond rapidly to thermal transients and
start-up time is short [36]. However, this is an ambivalent effect: On the one hand start-up
and shut down times are reduced, on the other hand even small changes in DNI (e.g. cloud
passage) can cause dramatic changes in reaction/absorber temperature and lead to coking
in the catalyst or, damage the absorber. Furthermore, the previously stated difficulties with
non-uniform radiation onto the absorber are especially severe for this concept when it is
operated at high flux densities. Therefore, process control is a demanding challenge of this
concept. As shown in the past research projects by Buck et al. [36] and Abele et al. [37], the

difficult controllability can cause severe damage to the system.

Despite the challenges, this concept has been proved feasible. In the projects SOLASYS and
SOLREF, a consortium of DLR and WIS, as well as other partners, constructed and tested
receiver-reactors with catalytically active foam successfully [38, 39]. WIS successfully
constructed and operated a receiver-reactor with their previously developed porcupine

receiver [40].
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Figure 2-6: Concept of solar reforming with directly irradiated catalyst (left), example of porous ceramic absorber
structure

A disadvantage of the directly irradiated catalyst is the limited pressure level. Even though
the achievable temperatures would allow reforming pressures comparable to the ones
realized in industrial practice (i.e. > 40 bar), the highest reported pressures for these types
of receiver-reactors are 15 bar [9]. In addition to that, due to limitations in maximum
diameter of the quartz window, the size of a receiver reactor is limited to below 1 m?2
aperture area. Therefore, for large scale utilization of this technology, a modular approach

is necessary. This is expected to increase the costs significantly.

A major and principal disadvantage of both concepts of directly irradiated receiver-reactors
is inherent to the concept itself: Due to the intensification of two process steps in one
process unit (conversion of solar energy into heat and conversion of heat into chemical
energy), the degree of freedom in design of the unit is significantly decreased. As early as
1991 the Russian researchers Vladimir I. Anikeev and Valery A. Kirillov state: “As a rule, the
design of ideal receiver of solar radiation does not meet the requirements of ideal catalytic
reactor” [41]. Therefore a receiver-reactor will always be a compromise between an ideal
receiver and an ideal reactor. Furthermore, implementation of heat storage or co-firing for

night time operation of the reactor is difficult in these concepts.
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3. The SOLME Process

To the best of the authors knowledge, no process for production of methanol via solar
reforming has been proposed in the past. Therefore, such a process is developed within this
work. It will be called the SOLME (solar methanol) process and is the result of merging the
solar reforming process part with conventional methanol synthesis. In order to allow for a
specific design of the process, the solar reforming concept is selected in section 3.1. The
SOLME process itself is developed in section 3.2. The different process parts are adjusted to
yield an overall process which is energy — and material efficient. This aim is achieved by heat

integration, hence minimizing waste energy streams.

3.1. Selection of investigated solar reforming technology

As discussed in the previous chapter, both indirectly heated solar reforming as well as
directly irradiated solar reforming have advantages as well as disadvantages in comparison
to the other concepts. The additional degrees of freedom in process design in the indirectly
heated system, as well as the possibility to implement co-firing and heat storage for night-
time operation makes the indirectly heated concept an interesting option for integration
into a methanol synthesis plant. Furthermore, the imbalance in past research activities
towards directly irradiated concepts underlines the necessity to investigate the indirectly
heated concept further. Therefore, the indirectly heated concept is selected for

investigation in this work.

For the indirectly heated concept, a heat transfer fluid for the heat transport between solar
receiver and reforming reactor has to be selected. Due to the lack of commercially available
non-gaseous heat transfer media suitable for the given temperature range, air is chosen as
heat transfer medium for the process. This choice seems reasonable as air is abundantly
available, not associated with any cost, and not harmful in any way. Only few solar
receivers exist that use air as heat transfer fluid. One of those is the open volumetric
receiver (OVR) as it is installed at the solar tower in Jilich [42]. The OVR is chosen as the
receiver for these investigations, because it has the potential to provide air at suitable

temperatures and its technical feasibility has been proven at the solar tower in Jilich.
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However, not only the current state of the art of the OVR is taken into account, but
parameter variations are conducted in order to assess possible improvements of process
efficiency by modifications in receiver design. One crucial aspect that is investigated is the
utilization of a cavity-type absorber in the receiver in order to enhance the receiver
performance. As shown in a previous study, an open volumetric cavity receiver has the
highest potential among the common air receivers for efficiently providing heat to a solar
reforming reactor [43]. Another important parameter that is varied is the air return ratio of
the receiver. For one part, it is varied because the actual value of the air return ratio is not
known exactly. Furthermore, the improvement of the air return ratio is currently

investigated in several research projects [44].

3.2. Process Description

The objective of the SOLME process is to produce methanol from natural gas via solar
reforming. A simplified flowsheet of the process is presented in Figure 3-1. The flowsheet is
developed in order to allow for a reasonable utilization of heat and mass flows of the
different process parts. The process is divided into the three main process parts Solar,
Reforming, and Methanol Synthesis (MS), as well as the secondary parts water-steam-cycle
(WSC) and combined cycle gas turbine (CCGT). It can be seen that the required resources
for the process are natural gas, solar energy and water, while electricity and methanol are
the products. The mixture of natural gas and water is heated and reacts to syngas in the
reforming part of the process. The required heat is mainly provided by the solar receiver,
and to a smaller extent by combustion of off-gas from the methanol synthesis reactor. The
syngas product is cooled in order to condensate excess water and compressed before
entering the methanol synthesis part. In the methanol synthesis part, it reacts to methanol.
Before distillation, the product is raw methanol with a water content of approximately 20%
which needs further purification in a rectification column. Most of the heat required by the
reboiler of the column can be provided by the off-heat from the methanol synthesis, if
necessary, the rest is obtained by further cooling the hot air flow before returning it to the
solar receiver. The heat supply for the column from hot air flow is not shown in the flow

sheets in order to maintain clarity of the figures. A WSC is implemented into the process to
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make use of off-heat from the reforming part. The MS also produces an off-gas stream
with a significant heating value that can be combusted in a CCGT to produce electricity.
Alternatively, a part of the off-gas stream can be combusted in a secondary reformer
(SecRef) to allow for a lower receiver outlet temperature at constant reforming outlet
temperature. This practice will positively influence the receiver efficiency, as the receiver
outlet temperature can be decreased while the reforming temperature, which is decisive for
the conversion, remains constant. As discussed in section 2.2 and shown in Figure 2-2, a
decrease in absorber temperature will lead to a receiver efficiency increase. The extent of
the efficiency increase depends on the concentration factor and the temperature. The
improvement of solar receiver efficiency competes with the efficient conversion of the off
gas into electricity. Determining the optimum fraction of off-gas to be used in the SecRef is
a matter of optimization and dependent on other process parameters. The parameter that
describes the fraction of off-gas that is used in the SecRef is called fspi; it is defined as the
ratio of the off-gas used for the temperature lift of the reforming reaction (TL) Fogt—gastL 1O

the total amount of off-gas Fogr_gas (cf. €q. (3.1)).

F Off—Gas,TL

fsplit = (3.1

FOff—Gas

In the following, the process parts are described in detail. The CCGT part is not described
because it is not modelled in detail. It is only taken into account for by assuming an
efficiency for the conversion of heating value of the off-gas into electricity. The off-gas
burner is also not described in detail, as it is merely a conversion of the heating value of the
off-gas into heat, assuming a flue gas exit temperature of 100 °C. In both cases the lower

heating value is considered.

3.2.1. Solar part

The solar part of the process, which is depicted in Figure 3-2, consists of the heliostat-field
and the solar receiver, as well as the fan to transport the air through the system and
optionally a thermal energy storage (TES). The heliostat field is designed to redirect the solar
radiation onto the receiver to generate a concentrated flux of solar energy onto the receiver

aperture. In the receiver, the radiation is converted into heat in order to increase the
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temperature of the air that is used as HTF. The air is heated to temperatures between
600 °C and 1000 °C, the actual temperature is a matter of optimization. Subsequently, the
air is cooled by providing heat to the reactants in the reforming part of the plant and to
provide heat to the distillation column for purification of methanol. Finally, in order to make
up for pressure drop in the process units, a blower is needed. Due to thermodynamic
considerations, the blower is located at the coldest part of the air system, before the solar
receiver. Hence, the pressure in the air circuit is below ambient pressure, i.e. the blower

sucks the air through the system, rather than pushing it.
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Figure 3-1: Overview of SOLME Process with central process parameters
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Figure 3-2: Solar part of the process

As mentioned in section 3.1, an open volumetric receiver is considered to provide solar heat
to the process. However, not only the state of the art of this receiver type is taken into
account, but also potential improvements are considered. For one part, this is taken
account for by consideration of a receiver with a cavity-type absorber. Sketches of the
principal geometry and air flows are shown in Figure 3-3 (right). The cavity geometry is
expected to be beneficial for an absorber implemented into the reforming process, as it will
reduce the re-radiation losses, which are particularly high for the high temperatures
necessary for solar reforming (cf. section 2.2). The shape of the cavity and the value C,p, are
not predetermined and different shapes are possible. However, since this is not the central
topic of this work, only one geometry is considered in this context: The absorber has the

shape of a half cylinder, resulting in Cap, = 0.637 (equal to 2/m).
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Figure 3-3: Sketch of open volumetric receiver with flat (left) - and with cavity (right) - absorber

An important feature of the open volumetric receiver to be discussed is the open air circuit
with air return. In most receiver concepts, the HTF circuit is closed, hence the HTF is
returned to the receiver after heating the process. Usually, this is the only possible
configuration as most HTF's have significant costs and disposal after one circuit is not
feasible, neither from an economic point-of-view, nor considering the associated logistics.
Furthermore, usually the HTF still has a temperature well above ambient temperature when
it leaves the process so that this heat can be recycled when the HTF is returned to the
receiver after the process for re-heating. In contrast, the HTF circuit of an open volumetric
receiver is open due to the nature of this concept. However, the air also leaves the process
with a temperature above ambient temperature and its disposal will decrease the efficiency
due to thermal losses. To reduce these losses, the return air is not ejected to the
environment but ejected in vicinity of the absorber allowing for a partial recycling of the air.
The location of the return air ejection can be varied and its optimal configuration is still a
matter of research. The recycled air together with air from the environment are sucked
through the absorber, where they are heated. A schematic of the air return concept is
shown in Figure 3-4. The air return ratio (ARR) describes the fraction of the return air that is

actually sucked into the absorber, hence recycled.
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Figure 3-4: Schematic side view of working principle with air return concept of the open volumetric receiver

Due to limited availability of solar radiation, the receiver produces the hot air flow during
less than 4000 h per year with approximately 2000 full load hours per year. Therefore, the
load factor of the methanol plant will be less than 0.25 if no TES is implemented. In order
to be able to produce the same amount of methanol with a significantly smaller methanol
plant, a TES can be implemented. Considering the high temperatures at which the process
is operated, a regenerator-type heat storage made from ceramic structures, as implemented
in the solar tower in Jilich (cf. [45]), seems to be the most feasible technology to be
implemented. In this storage concept, the hot air passes through the ceramic structures,
which are heated up to the air temperature. To discharge the storage, the air flow is

reversed and air is heated by flowing through the structures.

The design of the TES for any type of a solar plant is a matter of economic optimization, as
no significant thermodynamic benefits can be expected from its implementation. Therefore,
in the thermodynamic investigations in chapter 6, the TES will not be investigated, but an
ideal storage, which distributes the heat provided by solar energy evenly over time, is
considered. Hence, the hot air flow provided by the solar part is assumed to be constant
and fluctuations in solar energy provision only influence operation of the solar receiver, but

not the reforming - or methanol synthesis part of the process.
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3.2.2. Reforming part

In the reforming part, the natural gas and water input is converted into syngas, under
presence of a Nickel-based catalyst. The flowsheet of this process section is presented in
Figure 3-5: The hot air from the solar part provides the heat required to perform the
reaction in the air-heated reactor (AHR) which is in principle a heat exchanger with
countercurrent flow and a catalyst located in the reaction volume on the cold side of the
heat exchanger. After leaving the reactor, the HTF still contains sufficient heat to evaporate
the water for the reaction. The temperature of the natural gas feed is increased during
compression, so that the reactant mixture entering the reactor already has a temperature
well above 300 °C. The actual temperature strongly depends on reforming pressure. The
compression to the reforming pressure causes a significant expenditure of electrical energy,
while the energy necessary for pumping the water is negligible. In the reforming reactor,
the gas mixture reacts according to the Egs. (2.1) and (2.2). Those two reactions are
sufficient to describe the overall conversion, as the reactions (2.3) and (2.4) are linear
combinations of Egs. (2.1) and (2.2). If a fraction of the off-gas is combusted to provide
heat to the reforming reaction, a secondary reformer (SecRef) operating at a temperature
higher than the temperature of the hot air flow is implemented. The product of the AHR is
referred to as the intermediate reforming product, while the product of the SecRef is
referred to as the reforming product. After leaving the reforming reactors, the hot syngas is
cooled by transferring its heat to the water steam cycle. The heat from the syngas cannot
be used to pre-heat the reactants, because the temperature of the warm air would be

significantly increased and hence the receiver efficiency would be reduced.
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Figure 3-5: Reforming part of the SOLME process

The AHR is carried out as a bundle of jacketed tubes, where the inner tube is the reaction
volume and filled with catalyst pellets, while the hot air flows through the annulus. This
geometry was studied intensively by Wesenberg [46] to be applied as a gas-heated
reformer. In contrast to the work presented by Wesenberg, where hot syngas serves as
heating medium and only partial conversion (approx. 30 %) is aimed for, close to complete
conversion is aimed for in the AHR. However, the jacketed-tube reactor only serves as an
example for a gas-heated reformer in this work. It is chosen because of its simplicity and
similarity to conventional reformers, but other applicable geometries exist. One promising
candidate type for this application is the catalytic-plate microchannel reactor, as
investigated by Pattison and Baldea [47]. These types of reactors are especially promising
for small-scale reforming of methane. Therefore, they may be well applicable to solar
reforming, too. However, as catalytic plate microchannel reactors are still a matter of

research, the scope of this work will be limited to the jacketed tube type reactor.

3.2.3. Methanol synthesis part

As can be seen in the flowsheet of the methanol synthesis in Figure 3-6, the product from
the methanol synthesis reactor is cooled and the liquid fraction (mainly methanol and
water) is separated from the unreacted gaseous fractions in the product stream. The
gaseous fraction is recycled to the reactor feed. The recycle stream and the inlet syngas

stream are preheated with the reactor outlet stream. A small fraction of the recycle stream
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is purged in order to prevent accumulation of inert species in the loop (methane and
nitrogen). This purge gas stream is the previously mentioned off-gas. The liquid output of
the separator is further purified by a flash-unit, where the pressure is reduced to 2 bar and
most of the remaining content of hydrogen, carbon monoxide, carbon dioxide, methane
and nitrogen are evaporated and returned to the reactor inlet. The liquid outlet of the flash
unit is raw methanol with a mole fraction of water of around 0.2 and minor impurities. The
raw methanol is then purified in a distillation column to 99%mol- % with a recover ratio of
99.9 mol-%.

The methanol synthesis reactor is a tubular boiling-water reactor with the reactions (2.8)
and (2.9) occurring inside the tubes. Note that reaction (2.9) is a linear combination of the
reactions (2.8) and (2.2). This type of reactor is chosen because of the advantages stated by
Bartholomew and Farrauto [8]: High thermal efficiency, long catalyst life and low yield of
byproducts. Outside the tubes pressurized water is evaporated in order to remove the heat
of the exothermic reactions. The pressure level of the water is selected to provide an
isothermal heat sink at the desired temperature (evaporation temperature at the given
pressure) to the reactor. The steam could also be used in the WSC if another heat stream

was available for heating the distillation column.

In Figure 3-6 the methanol synthesis part of the process with the fixed values for central
process parameters in the process is shown. Most of the process parameters are chosen in
accordance with the study presented by Luyben [48]. The pressure in the methanol
synthesis is set to 100 bar, the pressure of the cooling water is set to 39.25 bar, resulting in
a temperature of 252 °C of the saturated steam and a product temperature of 265 °C. The
temperature in the separator is s