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Abstract
Purpose of the Review  The scope of this work is to present a critical review of the novel class of plants for the enhanced 
production of bioproducts in power and biomass-to-X (PBtX) plants, where the excess carbon in the feedstock is converted 
into a product thanks to the addition of hydrogen from water electrolysis, rather than being vented as CO2.
Recent Findings  The review of the recent literature shows that (i) a significant gain in carbon efficiency can be achieved 
with this class of plants compared to corresponding biomass-to-X plants; (ii) there is high dependency of the power-to-X 
efficiency on the efficiency of the electrolysis system and a relatively low dependency on the final product; and (iii) the 
economic competitivity of PBtX plants is closely associated to the cost of hydrogen (i.e., electrolysis capital cost, electricity 
cost, and capacity factor) and such systems cannot rely only on green hydrogen from the low expected amounts of excess 
electricity from intermittent renewables.
Summary  In this work, through a simplified economic analysis, the region of competitiveness of this class of plants compared 
to other possible uses of biomass has been qualitatively identified. The research gaps mainly lie in the lack of assessments 
on the design and operating criteria of flexible PBtX plants and of studies providing insights on the value of flexibility for a 
PBtX plant, when integrated in the electric energy systems of the future.

Keywords  Bio-fuel · Bio-hydrogen · BECCS · Power-to-X · CO2 utilization · Flexibility

Introduction

Biomass is a unique resource of renewable energy and 
renewable carbon. The amount of biomass for use in the 
energy, transport, and chemical sectors is limited by the 
availability of land and by the competition with the food 
value chain. Therefore, it is of paramount importance to 
make the best use of the energy and the carbon in the bio-
mass, according to the market and societal needs and to sus-
tainability criteria [1, 2].

In the past decades, the relatively low value of carbon 
compared to energy was such that biomass has been mostly 

used for heat and power generation through combustion, 
with unrestricted emission of CO2. This is likely to change 
in the next decades if the commitment of governments and 
the regulations in limiting the CO2 concentration in the 
atmosphere is confirmed, that will lead to an increase of 
the biogenic carbon value. Also, the rise of solar and wind 
power generation will likely cause a reduction of the average 
electricity prices and an increased value of the services to 
improve the resiliency of the electric energy system through 
energy storage and flexible power generation.

In this context, understanding the best use of biomass 
depending on the regional energy mix [3] and on the market 
and regulatory conditions is a strategic issue for industry 
and policymakers. The possible uses of biomass include the 
following:

	 i.	 combustion for power and heat generation, with or 
without CO2 capture and storage;

	 ii.	 conversion into a carbon-based product (e.g., methane, 
methanol, Fischer-Tropsch fuels) for the transport sec-

This article is part of the Topical Collection on Deep 
Decarbonization: BECCS.

 *	 Matteo C. Romano 
	 matteo.romano@polimi.it

1	 Department of Energy, Politecnico Di Milano, Via 
Lambruschini 4, 20156 Milan, Italy

http://orcid.org/0000-0003-0213-2245
http://crossmark.crossref.org/dialog/?doi=10.1007/s40518-021-00191-7&domain=pdf


	 Current Sustainable/Renewable Energy Reports

1 3

tor or the chemical industry, with or without capture 
and storage of the excess CO2;

	 iii.	 conversion into a carbon-based product, with 
enhanced productivity through the conversion of the 
excess carbon with added green hydrogen in a power 
and biomass-to-X system;

	 iv.	 production of bio-hydrogen, with or without CO2 cap-
ture and storage;

	 v.	 production of biochar and other products (e.g., power, 
liquids, hydrogen).

When integrated into the broader energy system, plants 
need to deal with the variable price of electricity that var-
ies on hourly time-scales due to the intermittent solar and 
wind power generation, and of CO2, hydrogen, and carbon-
based products that may vary on weekly–monthly time 
scales depending on the respective markets. Therefore, the 
expected time-dependent relative value of power, carbon-
based products, hydrogen, and sequestered CO2 may lead 
to the development of multi-product plants, to be operated 
flexibly in order to produce the good(s) with the highest 
added value.

This work focuses on plants for the conversion of sec-
ond-generation biomass into liquid products via gasifica-
tion-based pathways shown in Fig. 1:

a.	 biomass-to-X, with emission of the excess CO2 (BtX);
b.	 power and biomass-to-X, with reduced CO2 emission 

and increased productivity thanks to green hydrogen 
addition (PBtX);

c.	 biomass-to-X, with capture and storage of the excess 
CO2 (BtX CCS).

The aims of this paper are as follows: (i) to present a 
review of the recent literature on the relatively novel concept 
of power and biomass-to-X plants, (ii) to provide insights on 
the conditions that make these plants economically competi-
tive compared to other biomass conversion pathways, and 
(iii) to provide inputs to stimulate research on flexible power 
and biomass-to-X.

Critical Analysis of the Recent Literature 
on Power and Biomass‑to‑X

In Table 1, a summary of selected scientific works on power 
and biomass-to-X (PBtX) plants is reported, considering 
synthetic natural gas (SNG), methanol (M), gasoline (G) 
via methanol-to-gasoline process, dimethyl ether (DME), 
Fischer–Tropsch liquids (FT), and jet fuel (JF) as final prod-
ucts. The main key performance indicators are reported, 
referring to the carbon utilization efficiency, the power-to-X 
(PtX), and hydrogen-to-X (HtX) energy efficiencies and to 

Fig. 1   Biomass conversion pathways via gasification and corresponding qualitative destination of the carbon
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the cost of the product (in €/GJLHV). It has to be noted that 
PtX (Eq. 1) and HtX (Eq. 2) efficiencies refer to the mar-
ginal production efficiency of the product (prod) between 
the PBtX plant and the corresponding baseline BtX without 
hydrogen addition. Also, the cost of the e-product has been 
calculated (Eq. 3), as the marginal cost for the additional fuel 
produced in a PBtX plant, with respect to the corresponding 
BtX plant.

The analyzed literature assumes different plant sizes, dif-
ferent gasification and syngas conditioning processes, dif-
ferent electrolysis technologies, and economic assumptions 
that do not allow a direct comparison of the quantitative 
results. Nevertheless, the existing literature allows to make 
the following main observations.

–	 The first main benefit of PBtX plants is the much higher 
carbon efficiency, i.e., the better utilization of the bio-
genic carbon. With PBtX configurations, it is possible to 
achieve carbon efficiencies higher than 90% vs. 25–40% 
of baseline BtX plants. The relatively low carbon effi-
ciency of the PBtX systems in [4] (42–49%) is due to the 
selected process configuration where only the CO in the 
syngas is converted and CO2 is separated and vented.

–	 The HtX efficiency varies in a relatively narrow range 
in the reported studies (82–85% [4••, 5••, 6••, 7••]), 
independently from the final product. The only excep-
tion is gasoline production [4••, 5••], that is, based on a 
methanol-to-gasoline (MTG) process downstream metha-
nol synthesis, that introduces energy losses. Therefore, 
the PtX efficiency mainly depends on the efficiency of the 
electrolysis system. With an efficient thermal integration 
with the process, high temperature solid oxide electrolyz-
ers allow achieving a PtX efficiency approaching 80% 
[7••, 8], to be compared with 50–58% of systems based 
on low temperature electrolysis [4••, 5••, 6••].

–	 In PBtX plants, the increased plant productivity favorably 
affects the two main cost items of a bioproduct, namely, 
(i) the biomass cost and (ii) the capital cost of the equip-
ment for biomass gasification and syngas cleaning and 
conditioning. Both these items, that are directly linked 
to the input of biomass feedstock in the plant, are dis-

(1)ηPtX =

(

ṁprod ∙ LHVprod

)

PBtX
−
(

ṁprod ∙ LHVprod

)

BtX

Pel,electrolysis

(2)𝜂HtX =

(

ṁprod ∙ LHVprod

)

PBtX
−
(

ṁprod ∙ LHVprod

)

BtX

ṁH2
∙ LHVH2

(3)Ce−prod =

(

Cprod ∙ ṁprod

)

PBtX
−
(

Cprod ∙ ṁprod

)

BtX

ṁprod,PBtX − ṁprod,BtX

tributed over a higher amount of final product. Such eco-
nomic benefit has to be compared to the additional cost 
for the production of the input hydrogen.

–	 The cost of green hydrogen is closely linked to the fol-
lowing: (i) the capital cost of the electrolysis system, 
(ii) the capacity factor of the electrolyzer, and (iii) the 
average price of electricity used for hydrogen produc-
tion. As clearly shown by Hannula [4••], high-capacity 
factors of the electrolysis system are needed to have 
competitive hydrogen production cost in a PBtX plant, 
unless (unrealistic) long periods of negative electricity 
price are assumed. This is the same conclusion obtained 
by Zhang et al. [8], who showed the significant rise in 
the cost of the product, when the electrolysis capacity 
factor reduces. So, PBtX plants cannot be economically 
competitive if relying only on “excess electricity” from 
renewable energy sources. This is the reason why all the 
reported economic analyses are carried out assuming 
high-capacity factors, ranging from 82 to 94%, and the 
same capacity factor for the electrolysis system and the 
biomass gasification and biofuel synthesis processes.

–	 In the reported studies, different results have been 
obtained for the cost of the e-product. Hannula [4••] 
computed a higher cost of the products produced in PBtX 
plants than in the corresponding BtX plant. The resulting 
cost of the e-product is nearly twice as high as the cost of 
the corresponding bio-product. Higher differences (about 
four times higher e-product costs) have been obtained by 
Zhang et al. [8] with a very different process, based on 
high temperature electrolysis and H2O/CO2 co-electrol-
ysis. Albrecht et al. [6••] computed comparable costs for 
FT fuel via PBtX and BtX plants, resulting in a cost of 
the e-FT slightly higher or slightly lower than the bio-FT, 
depending on the revenues from the exported heat. From 
the data reported by Hillestad et al. [7••], a cost of the 
e-FT fuel 26% lower than the bio-FT has been computed, 
thanks to the optimistic investment cost of the SOEC unit 
and its high efficiency. From such contrasting results, it 
can be concluded that the economic competitiveness of 
a PBtX system is closely linked with the assumed cost 
of electrolysis and electricity (i.e., ultimately on the cost 
hydrogen) that will substantially depend on the evolu-
tion of the electrolysis technology and of the electricity 
market.

–	 It is interesting to compare the cost of the e-product of 
a PBtX plant with the cost of a PtX plant using CO2 
as carbon source. Hannula [4••] and Albrecht [6••] 
performed a comparison with consistent assumptions, 
obtaining a lower cost of the e-product in the PBtX 
plant compared to the PtX plant. This can be attributed 
not only to higher PtX efficiency [6••], but also to the 
lower marginal specific capital cost per unit of product 
of the PBtX plant compared to the capital cost of the 
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PtX plant. For example, from the data in [6••], it is 
possible to compute a marginal specific capital cost for 
the production of the e-FT in the PBtX plant of 3580 €/
kWprod, as the ratio between the marginal cost of the 
PBtX system compared to the BtX one (355.8 M€) and 
the increased product output (99.4  MWLHV) for the 
same biomass input. This cost is about 30% lower than 
the estimated specific capital cost for the production of 
e-FT in the PtX plants.

Integration of Biomass and Power‑to‑X 
Pathways in the Energy System

Predicting the potential deployment of power-to-X path-
ways requires to understand the features of future energy 
markets, hence the evolution of electricity prices, which 
will be highly influenced by the penetration of intermittent 
renewables and on the geographic location [10]. The spread 
of technologies for the electrification of new sectors such as 
the transport sector and the production of heat for civil and 
industrial uses will impact on the demand side, affecting the 
electricity price distribution. In this respect, the techno-eco-
nomic assessment of PtX and PBtX routes needs to jointly 
account for both these aspects.

McDonagh et al. [11] analyzed the costs of SNG from a 
power-to-SNG system integrated in simulated Irish electric-
ity markets with increased penetration of renewable energy 
sources. Their model investigated the interplay between the 
simulated electricity market price and the bid price on the 
run hours and the average electricity price that are the most 
influencing factors of the produced e-SNG. Sorknæs et al. 
[12••] addressed the problem of re-designing the Danish 
electricity market under the assumption of a 100% renewable 
energy system, considering the mutual influence of renewa-
ble-based heating, gas, liquid fuels, and electricity markets 
as an interdependent energy system. The study highlighted 
the significant influence that the demand side could have on 
the electricity price duration curve. A similar conclusion 
was obtained by Ruhnau [13], who assessed the effect of 
flexible electrolysis systems on stabilizing the value of solar 
and wind power generation.

Similarly, the economic performance of PBtX and e-fuel 
production plants is highly dependent on energy market con-
ditions. Notwithstanding the inherent complexity that would 
be introduced by the uncertainty in electricity penetration 
and prices of future electrified markets (e.g., scale of electric 
mobility, diffusion of electrolysers, electrification of heat 
supply for domestic and industrial use), the comprehensive 
system modeling of electricity supply and demand at electro-
fuel production plants is key to estimate their role and needs 
to be addressed further in future research.

Economic Competitivity of BtX and PBtX 
Processes

The scope of this section is to provide insights on how the 
market price of the different goods (electricity, hydrogen, 
and carbon-based products) and of carbon removal credits 
may affect the best use of biomass and on the positioning of 
BtX and PBtX plants among the different competing uses 
of biomass. To this aim, a simple economic model has been 
defined, computing the internal rate of return ( IRR ) and the 
operating revenue of (i) biomass-to-power (BtP), (ii) bio-
mass-to-methanol (BtM), (iii) power and biomass to metha-
nol (PBtM), and (iv) biomass to hydrogen (BtH) plants. For 
each of the four plant archetypes, configurations without and 
with CO2 capture and storage have been considered. The 
economic indicators have been computed for different values 
of electricity, methanol, and hydrogen selling price and of 
the captured CO2. It has to be noted that methanol has been 
selected as representative of a carbon-based product. The 
general qualitative conclusions obtained for methanol can 
be easily extended to other products.

The levelized annual cash flow CFy (Eq. 4) is computed as 
the sum of the discounted annual investment, the operating 
costs (biomass feedstock, electricity, and O&M), and rev-
enues (selling of methanol, hydrogen, electricity, CO2 emis-
sion allowance). The first term is calculated from the total 
CAPEX by means of a capital recovery factor ( CRF ) defined 
in Eq. 5 that includes a constant discount rate (weighted 
annual capital cost, WACC ) during the lifetime of the plant 
( LT  ). Revenues are proportional to the plant biomass input 
( Bin ), the equivalent operating hours ( heq ), the specific yields 
of product �i , and its unitary price pi . Under these assump-
tions, the IRR is computed as the breakeven WACC value that 
gives a null net cash flow.

The lifetime of all the plants is assumed equal to 20 years 
and the capacity factor equal to 90% (i.e., about 8000 equiva-
lent operating hours). All the costs are scaled to a reference 
biomass input of 300 MWLHV (LHV 15.4 MJ/kg, carbon 
content 38%w, reference cost 18 €/MWh).

More specifically, the following technologies have been 
considered, with the assumptions summarized in Table 2:

	 i.	 Methanol synthesis via BtM plant based on O2-blown 
gasification and via PBtM plant involving additional 
hydrogen from low temperature electrolysis. Costs and 
efficiencies are taken from [4••].

(4)CFy = Bin ∙ heq ∙
∑

�i ∙ pi − CAPEX ∙ CRF − OPEX

(5)CRF =
∑LT

1

1

(1 +WACC)i
=

WACC ∙ (1 +WACC)LT

(1 +WACC)LT − 1
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	 ii.	 Power production from biomass with and without 
CCS, considering a supercritical boiler and amine-
based CO2 capture. Costs and efficiencies are taken 
from [14].

	 iii.	 Hydrogen production via O2-blown gasification and 
PSA separation. Costs and yields are taken from [15, 
16].

	 iv.	 BtM and BtH plants with CCS considering a CO2 
compression station added to the existing CO2 separa-
tion unit. Electricity consumption and additional costs 
for CO2 compression are taken from [17]. A cost of 
10 €/tCO2 has also been assumed for CO2 transport and 
storage, which is in the lower range of the expected 
costs for onshore geologic CO2 storage [18].

It is important to highlight that values used in this work 
have been taken from different sources and a reliable quan-
titative comparison would require a careful data harmoniza-
tion, especially in the method for determining the CAPEX 
that has intrinsically high uncertainty and high impact on the 
cost of the products. Also, other features that may affect sig-
nificantly the economics of a plant are not taken into account 
in this analysis, such as the revenues from operations in the 
secondary electricity market, that would increase the region 
of competitivity of BtP and PBtX plants, or the additional 
revenues from CHP configurations, that would favor BtP 
processes. Therefore, although based on quantitative val-
ues, this simplified analysis is intended to provide qualitative 
conclusions.

Figure 2 shows a map of the areas of the best plant from 
the point of view of IRR (left) and operating revenues (i.e., 
revenues minus OPEX , on the right) as function of the elec-
tricity price and of the value of the stored CO2, for different 
MeOH and H2 prices.

Looking at the IRR maps, with methanol and hydrogen 
prices similar to the current ones (a), with intermediate elec-
tricity prices and low CO2 value, the BtM system results the 

most competitive option, although with modest economic 
competitiveness, as the IRR is relatively low. Power produc-
tion is favored at high electricity prices. BtM with CCS is 
the most profitable option if the CO2 value rises above 20 €/
tCO2. PBtM system is the most competitive process for low 
electricity prices (below 25 €/MWh), unless the value of 
CO2 rises above 30–50 €/tCO2, making CO2 sequestration 
more profitable than CO2 conversion into e-methanol.

Increasing the value of methanol to 600 €/t (c) leads to 
improved economics for all the methanol production plants. 
The competitiveness of PBtM process expands towards 
the BtM region. BtP process remains competitive only for 
very high electricity prices (> 150 €/MWh). BtH processes 
become competitive with high hydrogen price (e) and is 
favored by high value of CO2 when CCS is included.

Looking at the operating revenues maps (Fig. 2, on the 
right), some differences emerge in the areas of conveni-
ence compared to the IRR maps. The area of convenience 
of the PBtM plant expands in the first two scenarios (b–d) 
compared to the IRR indicator (a–c). This means that it is 
economically competitive to run a PBtM plant for higher 
electricity prices (e.g., approaching 50 €/MWh when MeOH 
price is 600 €/t), but lower average electricity prices are 
needed to make PBtM the most profitable option from the 
IRR perspective and generate sufficient revenues to pay back 
the higher capital investment compared to the BtM cases. 
In the third scenario (f), the BtH area enlarges significantly 
when looking at the operating revenues. Similarly to the 
previous comment, this reflects the behavior of a case with 
higher operating revenues but higher capital costs than the 
other technologies at the boundaries.

The operating revenue charts also show that flexible 
plants may take advantage from the variable market prices 
over time. For example, depending on the electricity price 
(that varies on daily and seasonal time scales), on the hydro-
gen price (that in the future may fluctuate on a seasonal 
basis, depending on the availability of green hydrogen), on 
the CO2 value (with expected variations on multi-year time 

Table 2   Assumptions for the economic analysis

* In addition to reported plant OPEX, 10 €/tCO2 are included for CO2 transport and storage costs in CCS cases

Yields CAPEX OPEX*

Electricity Methanol Stored CO2 Hydrogen Carbon in products Carbon stored Carbon vent

kWhe/MWhb kg/MWhb kg/MWhb kg/MWhb €2017/kWb €/kWb/y %w inlet C %w inlet C %w inlet C
BtM  − 40 108 - - 1452 58.1 45.2 - 54.8
PBtM  − 407 141 - - 1725 69.0 59.0 - 41.0
BtM CCS  − 54 108 174 - 1512 60.5 45.2 52.8 2.0
BtP 321 - - - 1118 29.1 - - 100.0
BtP CCS 225 - 297 - 1891 31.6 - 90.0 10.0
BtH 27 - - 14 2011 139.6 - - 100.0
BtH CCS 2 - 323 14 2124 147.4 - 98.0 2.0
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scales), and the methanol price variability (dependent on 
the evolution of the demand), a flexible plant could switch 
its operating mode from BtM (without or with CCS), PBtM, 
and BtH.

Conclusions and Research Gaps

The evolution of the power, CO2, H2, and carbon-based 
product markets will increase the competition between dif-
ferent uses of biomass. In a carbon-constrained world with 
high penetration of intermittent renewables, key drivers for 
the optimal exploitation of biomass will be the achievement 
of high efficiency in biogenic carbon utilization, either as a 
high-value product or as sequestered CO2, and the efficient 
utilization of its dispatchable renewable energy content.

Recent literature on power and biomass-to-X processes 
have assessed the techno-economic performance of such 
systems, highlighting the importance of low-cost hydro-
gen supply and the economic competitivity with respect to 
power-to-X systems based on the conversion of CO2 from 
other sources. From a simplified economic analysis, this 

paper showed that additional value may be obtained from 
operating biomass-to-X plants flexibly, e.g., modifying the 
electric power consumption, the destination of the biogenic 
carbon or the type of bio-product over time, following the 
market and regulatory conditions.

On this regard, the following main research gaps may be 
highlighted:

•	 none of the assessed recent papers on PBtX systems 
investigates the design of the process units of plants con-
ceived to operate flexibly. The economic performance of 
the plants are computed by fixing the electricity price and 
assuming that the electrolysis system operates continu-
ously, at the same capacity factor of the biomass con-
version process. The effect on the capital and operating 
costs of plants conceived to operate flexibly is currently 
unexplored in the open literature.

•	 The expected capacity factor of the electrolysis system 
of a PBtX plant is closely linked with the expected elec-
tricity price curve, which will depend on factors such as 
the geographic location, the type of renewable energy 
sources, their penetration in the regional grid, and the 

Fig. 2   IRR (a, c, e) and opera-
tion revenue (b, d, f) maps for 
BtM, PBtM, BtP, and BtH 
plants with and without CCS. 
Lines identify the boundary of 
the regions of the most profit-
able options for different values 
of electricity, CO2, methanol, 
and hydrogen.
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willingness to pay of other potential users of electric-
ity connected to the grid. Therefore, to understand the 
potential of PBtX plants and the value of their flexibility 
for the energy system, the integrated modeling of plants 
connected to electric grids of the future should be pur-
sued.

Declarations 

Human and Animal Rights and Informed Consent  This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

Conflict of Interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance  
•• Of major importance

	 1.	 Camia A, Rober N, Jonsson R, Pilli R, Garcia-Condado S, 
Lopez-Lozano R, et al. Biomass production, supply, uses and 
flows in the European Union. First results from an integrated 
assessment [Internet]. ISBN978–92–79–77237–5. https//doi 
2018. Available from. https://ec.europa.eu/jrc/en/publication/
eur-scientific-and-technical-research-reports/biomass-pro-
duction-supply-uses-and-flows-european-union-first-results-
integrated-assessment%0Ahttp://publications.jrc.ec.europa.eu/
repository/bitstream/JRC109869/jrc1098

	 2.	 IEA. Technology roadmap - delivering sustainable bioenergy. 
https://​www.​ieabi​oener​gy.​com/​blog/​publi​catio​ns/​techn​ology-​
roadm​ap-​deliv​ering-​susta​inable-​bioen​ergy/; 2017. p. 1–94.

	 3.	 Patrizio P, Fajardy M, Bui M, Dowell N Mac. CO2 mitigation or 
removal, the optimal uses of biomass in energy systems decar-
bonization. iScience [Internet]. Elsevier Inc.; 2021;24:102765. 
Available from: https://​doi.​org/​10.​1016/j.​isci.​2021.​102765

	 4.••	Hannula I. Co-production of synthetic fuels and district heat from 
biomass residues, carbon dioxide and electricity: performance 

and cost analysis. Biomass Bioenerg. 2015;74:26–46. (Com-
prehensive and transparent analysis of PBtX, BtX, and PtX 
systems.)

	 5.••	Hannula I. Hydrogen enhancement potential of synthetic bio-
fuels manufacture in the European context: a techno-economic 
assessment. Energy. 2016;104:199–212. (Comprehensive and 
transparent analysis of PBtX and BtX systems.)

	 6.••	Albrecht FG, König DH, Baucks N, Dietrich RU. A standardized 
methodology for the techno-economic evaluation of alternative 
fuels – a case study. Fuel. 2017;194:511–26. (Comprehensive 
and transparent analysis of PBtX, BtX and PtX systems.)

	 7.••	Hillestad M, Ostadi M, Alamo Serrano GD, Rytter E, Austbø B, 
Pharoah JG, et al. Improving carbon efficiency and profitability 
of the biomass to liquid process with hydrogen from renewable 
power. Fuel. 2018;234:1431–51.

	 8.	 Zhang H, Wang L, Van herle J, Maréchal F, Desideri U. Techno-
economic evaluation of biomass-to-fuels with solid-oxide elec-
trolyzer. Appl Energy. Elsevier; 2020;270:115113.

	 9.	 Edwards R, Larivé J-F, Rickeard D, Weindorf W. Well-to-tank 
Report Version 4.a. JEC well-to-wheels analysis. JRC Technical 
Reports; 2014.

	10.	 Seel J, Mills A, Wiser R, Deb S, Asokkumar A, Hassanzadeh 
M, et al. Impacts of high variable renewable energy futures on 
wholesale electricity prices, and on electric-sector decision mak-
ing [Internet]. 2018. Available from: https://​emp.​lbl.​gov/​publi​
catio​ns/​impac​ts-​high-​varia​ble-​renew​able

	11.	 McDonagh S, Wall DM, Deane P, Murphy JD. The effect of 
electricity markets, and renewable electricity penetration, on 
the levelised cost of energy of an advanced electro-fuel system 
incorporating carbon capture and utilisation. Renew Energy 
Elsevier Ltd. 2019;131:364–71.

	12.••	Sorknæs P, Lund H, Skov IR, Djørup S, Skytte K, Morthorst 
PE, et al. Smart Energy Markets - future electricity, gas and 
heating markets. Renew Sustain Energy Rev. 2020;119. (Novel 
approach for assessing the mutual influence of heating, gas, 
liquid fuel, and electricity markets, with the effects on the 
electricity price duration curve.)

	13.	 Ruhnau O. Market-based renewables: how flexible hydrogen 
electrolyzers stabilize wind and solar market values. https://​
www.​econs​tor.​eu/​handle/​10419/​227075; 2020.

	14.	 Fajardy M, Morris J, Gurgel A, Herzog H, Mac Dowell N, Pal-
tsev S. The economics of bioenergy with carbon capture and 
storage (BECCS) deployment in a 1.5 °C or 2 °C world. Glob 
Environ Chang. 2021;68:102262.

	15.	 Bui M, Fajardy M, Zhang D, Mac Dowell N. Delivering nega-
tive emissions from biomass derived hydrogen. http://​www.​h2fcs​
uperg​en.​com; 2020. p. 1–81.

	16.	 Antonini C, Treyer K, Moioli E, Bauer C, Schildhauer T, Maz-
zotti M. Hydrogen from wood gasification with CCS - a techno-
environmental analysis of production and use as transport fuel. 
Sustain Energy Fuels. 2021;

	17.	 IEAGHG. Techno-economic evaluation of SMR based stan-
dalone (merchant) plant with CCS, 2017/02. 2017.

	18.	 IEA. Energy Technology Perspectives 2020 - Special Report on 
Carbon Capture Utilisation and Storage. Energy Technol. Per-
spect. 2020 - Spec. Rep. Carbon Capture Util. Storage. 2020.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/
https://www.ieabioenergy.com/blog/publications/technology-roadmap-delivering-sustainable-bioenergy/
https://www.ieabioenergy.com/blog/publications/technology-roadmap-delivering-sustainable-bioenergy/
https://doi.org/10.1016/j.isci.2021.102765
https://emp.lbl.gov/publications/impacts-high-variable-renewable
https://emp.lbl.gov/publications/impacts-high-variable-renewable
https://www.econstor.eu/handle/10419/227075
https://www.econstor.eu/handle/10419/227075
http://www.h2fcsupergen.com
http://www.h2fcsupergen.com

	The Potential of Power and Biomass-to-X Systems in the Decarbonization Challenge: a Critical Review
	Abstract
	Purpose of the Review 
	Recent Findings 
	Summary 

	Introduction
	Critical Analysis of the Recent Literature on Power and Biomass-to-X
	Integration of Biomass and Power-to-X Pathways in the Energy System
	Economic Competitivity of BtX and PBtX Processes
	Conclusions and Research Gaps
	References


