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Abstract: Biomass-fueled combined heat and power systems (CHPs) can potentially offer
environmental benefits compared to conventional separate production technologies. This study
presents the first environmental life cycle assessment (LCA) of a novel high-efficiency bio-based
power (HBP) technology, which combines biomass gasification with a 199 kW solid oxide fuel cell
(SOFC) to produce heat and electricity. The aim is to identify the main sources of environmental
impacts and to assess the potential environmental performance compared to benchmark technologies.
The use of various biomass fuels and alternative allocation methods were scrutinized. The LCA
results reveal that most of the environmental impacts of the energy supplied with the HBP technology
are caused by the production of the biomass fuel. This contribution is higher for pelletized than for
chipped biomass. Overall, HBP technology shows better environmental performance than heat from
natural gas and electricity from the German/European grid. When comparing the HBP technology
with the biomass-fueled ORC technology, the former offers significant benefits in terms of particulate
matter (about 22 times lower), photochemical ozone formation (11 times lower), acidification (8 times
lower) and terrestrial eutrophication (about 26 times lower). The environmental performance was not
affected by the allocation parameter (exergy or economic) used. However, the tested substitution
approaches showed to be inadequate to model multiple environmental impacts of CHP plants under
the investigated context and goal.
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1. Introduction

Compared to separate production of heat and electricity from fossil fuels, combined heat and
power systems (CHPs) can potentially allow for significant reductions of climate change impact [1,2].
In Europe, coupling heat and electricity generation from renewable sources is also one of the most
cost-effective decarbonization strategies [3–5]. In particular, solid biomass has attracted increasing
interest by policymakers and investors especially due to the high availability of local biomass from
forests and wood processing industries in some regions [6]. The environmental performance of
biomass-fueled CHPs depends not only on the type of technology but also on the type of biomass,
its supply chain, and the environmental impact categories in focus [7,8].
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Mature CHP technologies using solid biomass as fuels have often shown restricted fuel flexibility,
limited electric efficiencies, and high particulate matter emissions [9]. To overcome these three
limitations, a novel technology was developed during the H2020 HiEff-BioPower project [10]. This novel
technology (see Figure 1) is based on a fixed-bed updraft gasifier coupled with a novel primary gas
treatment zone, a novel gas cleaning unit (GCU), and a solid oxide fuel cell (SOFC). Its current
technological readiness level is between 4 and 5 (based on the definition adopted by the European
Commission [11]). The biomass fuel is converted into product gas in the gasifier. Syngas derived from
biomass (e.g., wood chips) contains HCl, H2S, and tars [12] making it not suitable for direct utilization
in fuel cells [13], which require purified gaseous fuels. Therefore, the syngas from the gasifier is first
pre-treated in a primary gas treatment unit (first tar reforming step) and then purified in the GCU.
The GCU is one of the key innovations of this technology. It combines the use of ceramic filter candles
and sorbents [10]. Syngas cleaning is processed in five steps: primary tar reforming, high-temperature
particle filtration, HCl sorption (after cooling the product gas), H2S removal by sorbents and tar
reforming (after reheating). After re-heating, the product gas is then fed into the SOFC unit to generate
electricity. The off-gases from the SOFC unit are then burnt in a catalytic afterburner to recover heat.
Most biomass CHPs are suited for medium and large-scale plants (1–100 MWel). The HBP is available
also in small size (about 200 kW of electricity output) [9]. Among biomass technologies of this size,
one of the main competitors is the organic Rankine cycle (ORC) [14].
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At this stage of the Hieff-BioPower project, the assessment of the environmental impacts of the
current design configuration can help with minimizing impacts at an early stage of the technical HBP
development. In particular, the literature reports a few life cycle assessments (LCAs) of heat and
power from SOFC-based CHPs and several ones of CHPs involving biomass gasification processes but
no one on their combination (in October 2019, from Scopus database searching in TITLE-ABS-KEY).
These studies provided the following main findings: (1) the investigated CHPs present lower impact in
terms of climate change compared to conventional technologies [2,15] and (2) the biomass fuel production
has the highest contribution to total life cycle impacts [16,17]. These studies also highlighted several
methodological uncertainties of LCAs that can lead to significantly different results. Such uncertainties
are mainly linked to the multifunctional nature of the CHPs. A CHP is a system producing two
products, heat and electricity. Depending on the goal of the LCA, it may be necessary to apportion the
overall impact of the system to each of the co-products. Finding the right criterion for the allocation
of impacts to each co-product is generally understood as a multifunctionality problem [18]. When a
multifunctionality issue is encountered, the practitioner has to properly select the functional units and
allocation methods [19,20]. The selected criterion could affect the outcome of the LCA significantly
and, for this reason, this selection is broadly discussed in the literature [21,22].
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The environmental LCA presented in this study has a twofold aim: (1) to identify the main sources
of the environmental impact of this new technology and (2) to assess its ecological competitiveness
compared to the separate production of heat and electricity and one of its main competitors, i.e., Organic
Rankine Cycles (ORC). Moreover, this case study is used to analytically discuss the influence of the
allocation method in the LCA results for CHP plants and provide methodological recommendations
for better allocation practices.

2. Materials and Methods

2.1. Goal and Scope Definition

The LCA has been conducted according to ISO 14040:2006 and ISO 14044:2006 [18,23]. The intended
audience of this LCA consists of technology developers, researchers involved in the field of bioenergy
and LCA practitioners. An attributional LCA (ALCA) approach is followed since the goal of this study
is to identify the activities within HBP causing the highest contribution to the environmental impacts,
and not the consequences of changes in these activities [21,24].

Two technologies are considered for environmental comparison: (1) a combination of the electricity
mix (EMIX) from the German national grid plus heat provided from a natural gas boiler (NG) and
(2) biomass-based organic Rankine cycle (ORC) CHP.

As the ORC CHP has a different heat to electricity ratio compared to the HBP, the definition of two
functional units was preferred to the definition of a single functional unit with a fixed heat/electricity
ratio. Hence, two functional units were defined as follows: 1 kWh of electricity or 1 MJ of heat.

The HBP technology finds one of the main strengths in its fuel flexibility [10] since it can operate
with various biomass feedstocks in the forms of chips or pellets. To explore the effect of different
feedstocks on the environmental impacts of the HBP CHP technology, this study explored the use of
three different types of biomass fuels: wood chips, wood pellets, and Miscanthus pellets. The operation
with wood chips was considered as the baseline scenario (WC), while the operation with wood pellets
(WP) and the operation with Miscanthus pellets (MP) as alternative scenarios. The baseline scenario with
wood chips was also used for comparison with the competing technologies, i.e., the ORC technology
(fueled with wood chips as well) and the combination of grid electricity plus natural gas boiler.
Additionally, this last competing option was also compared to the WP and MP alternative scenarios.

Figure 2 shows the process diagram of the HBP product system. The system boundaries follow
a cradle-to-gate approach. As shown in Figure 2, all the life cycle stages from the extraction of
the raw materials to the final dismantling and waste treatment are included. The final distribution
and consumption of the products, i.e., heat and electricity, are not included in the LCA. After the
power plant is dismantled and parts are recycled, the use of the recycled materials is outside of the
system boundaries. Biomass transport stages from the forest to the processing plant and from the
processing plant to the HBP plant were included in the study. The transportation of plant components
(e.g., the gasifier) from the production site to the power plant location and the construction activities
of the plant were not included in the analysis. The exclusion of these activities was based on their
expected minor contribution to the total environmental impacts, as also found in similar studies,
for example [16].
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Figure 2. Flowchart of the HBP product system, including system boundaries (dashed lines).

The temporal scope of the study is placed in the near future (the next 5–10 years) when the HBP
technology should be commercialized. The HBP is assumed to be installed in Germany, being the country
with the maximum potential sales for the HBP technology in Europe [25]. Nevertheless, some components
for the HBP (e.g., the gasifier) might also be manufactured outside Germany (in other EU countries).

Seven mid-point impact categories were selected and the adopted impact assessment models for
each impact category were selected following the ILCD recommendations [26] (see Table 1). Climate
change (CC) and depletion of mineral, fossil, and renewable resources (MFRD) were chosen because
they are considered top priorities in the current societal and political challenges [27]. Particulate
matter (PM) and photochemical ozone formation (POF) are selected because of their relevance to the
energy sector [28]. Acidification (AC), Terrestrial eutrophication (TE), and Water resource depletion
(WRD) were selected because of their relevance for agricultural systems, and therefore for biomass
production [29].

To assess the robustness of the results, two sensitivity analyses were conducted. As anticipated
in the introduction, a comprehensive sensitivity analysis was performed on the allocation choices to
explore their influence in the outcome of the LCA (and as recommended by ISO [18]). The second
sensitivity analysis was performed to explore parameters that are potentially sensitive for the results
and that might environmentally improve or make less attractive the technology in the future.
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Table 1. Selected impact categories and models.

Impact Category Unit Impact Assessment Models

Climate change (CC) kg CO2eq IPCC 2013 Global Warming
Potential 100 years [30]

Particulate matter (PM) kg PM2.5 eq
Premature death or disability from
particulates/respiratory inorganics

from [31]

Photochemical ozone formation (POF) kg NMVOC eq
Potential contribution to

photochemical ozone formation
for Europe from [32]

Acidification (AC) molc H+ eq

Accumulated Exceedance (AE)
characterizing the change in

critical load exceedance of the
sensitive area from [33]

Terrestrial eutrophication (TE) molc N eq

Accumulated Exceedance (AE)
characterizing the change in

critical load exceedance of the
sensitive area from [33]

Water resource depletion (WRD) m3 water eq

Freshwater scarcity:
Scarcity-adjusted amount of water

used from Swiss Ecoscarcity
2006 [34]

Mineral, fossil and renewable resource
depletion (MFRD)

kg Sb eq Depletion of resources based on
the scarcity model from [35]

2.2. Life-Cycle Inventory

2.2.1. Unit Processes, Data, and Assumptions

This study assesses the small scale configuration of the HBP technology, which has a nominal
electricity output of the SOFC of 199 kW. Its main characteristics during the average lifetime (assumed
18 years) are reported in Table 2.

Table 2. Characteristics of the small scale HBP technology (8000 h of operations per year).
Modeled values.

Flow (Unit) Wood Chips (30 wt.%) Pellets (from Wood and
Miscanthus) (5 wt.%)

Biomass fuel (kW) 548.5 570.0
Biomass fuel (kg/h) 164.1 115.7

Gross electric power (kW) 170.5 190.0
Thermal power output (kW) 288.5 292.0
Electrical efficiency gross (%) 31% 33%
Electrical efficiency net (%) 30% 32%

Thermal efficiency (%) 53% 51%
Exergy output as heat (%) 24.6 22.7

Exergy output as electricity (%) 75.4 77.3
Economic output as heat (%) 41.8 39.3

Economic output as electricity (%) 58.2 60.7

For the foreground system, data on the gasifier and the GCU were collected from the industrial
partners involved in the H2020 HiEff-BioPower project. For the SOFC, secondary data based on the
scientific literature [17] were used due to the unavailability of specific primary data. The background
data were largely based on the ecoinvent database (version 3.4). For unavailable data, assumptions
were made based on literature (see the following sub-sections for details regarding each phase of the
life cycle).
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As the system provides two different products (and functional units), it was necessary to determine
an allocation key to partition the overall impact to the two functional units. Allocation by physical
causality was not applied under the absence of a representative mathematical model (to model the
causality relationships) [36–38]. Among the possible remaining allocation methods, the exergy key was
chosen because it can represent both quantity and quality of both functional outputs, and is common
practice for CHPs (e.g., ecoinvent uses such key [39] and is recommended by RED II [40]). Table 2 shows
the biomass input, intermediate performance indicators, and energy outputs in terms of their exergy
and economic values. The exergetic outputs expressed in percentage reported in Table 2 represent
also the allocation factors used for the baseline calculations. The economic values are based on three
years (2015–2017) average prices for medium size industries without VAT, in Germany, retrieved
from Eurostat [41]. The prices were 0.079 € per kWh of industrial electricity and 0.0086 € per MJ of
industrial heat.

2.2.2. Inventory Data for Chips and Pellets

To model the life cycle of wood chips, the ecoinvent 3.4 dataset “Wood chips, wet, measured as
dry mass {CH}|market for|APOS” was used. This dataset includes both wood chips from industrial
activities and forest management and represents the average Swiss market (assumed to be a good
proxy for Germany). In particular, wood chips from forest management represents an 85% share of the
modeled Swiss wood chip market.

For wood pellets, the ecoinvent 3.4 dataset “wood pellet, measured as dry mass {RER}|market for
wood pellet|APOS” was used.

For Miscanthus pellets, a similar dataset was not available in ecoinvent. Hence, the inventory data
from [42] were used together with the best practices reported in [43]. An average dry yield value of
23.5 t Miscanthus (85% dry matter) per hectare was used to estimate the land requirements to provide
enough fuel for the HBP plant for one year. The planting rate of 16,000 Miscanthus per ha was taken
from [43]. As Miscanthus is a perennial crop, field preparation activities such as herbicide application,
harrowing and plantation, occur only during the first year. The lifetime of the crop was assumed to
be 18 years [43] and therefore 1/18 of the impact from field preparation activities was apportioned to
one year of operation of the HBP plant. Once the Miscanthus is collected from the field, it is necessary
to transport it to the pelleting plant. The transport distance to the pelleting plant was assumed to be
10 km by tractor [42]. For the chipping of Miscanthus, the energy consumption of the chipper and the
amount of lubricating oil were retrieved from the ecoinvent 3.4 datasets “Wood chips, wet, measured as
dry mass {CH}|wood chips production, hardwood, at sawmill|APOS”. For the pelleting of Miscanthus,
the amounts of electricity, heat, lubricating oil, and water were retrieved from the ecoinvent 3.4 dataset
“Wood pellet, measured as dry mass {RER}|wood pellet production|APOS”. The transportation of
Miscanthus pellets to the HBP plant was assumed to occur by truck and with an average distance of
100 km [42].

2.2.3. Inventory Data for the Manufacturing of the Power Plant

The HBP manufacturing consists of three sub-processes: the manufacturing of the gasifier,
the manufacturing of the SOFC stack and its balance of plant (BoP), and the manufacturing of the GCU.
The data for the manufacturing of the gasifier is based on HBP project data and shown in Table 3.
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Table 3. Materials of the gasifier including the primary gas treatment zone.

Material Amount Process Dataset

Steel (low alloyed) (kg) 6770 Steel, low-alloyed {RER}|steel production,
converter, low-alloyed|APOS

Stainless steel (kg) 585 Steel, chromium steel 18/8, hot rolled
{RER}|production|APOS

Iron-nickel-chromium alloy (kg) 220 Iron-nickel-chromium alloy
{RER}|production|APOS

Concrete fireproof (kg) 4480 Concrete block {DE}|production|APOS
insulating material (kg) 1220 Glass wool mat {CH}|production|APOS

Concerning the SOFC stack, its production was modeled considering secondary data from scientific
literature and, to a lower extent, from ecoinvent database. The literature data was retrieved from
studies where the SOFC stacks had a similar power capacity as the HBP technology. The amount of
electricity, nickel oxide, solvents, materials for the binder, carbon black, and chromium steel, as well as
direct emissions (released during the production of the stack) to the air of carbon dioxide, methyl ethyl
ketone, and benzyl alcohol were taken from [17] and adjusted proportionally to the power capacity
(factor of 0.793 based on 199 kWe of HBP SOFC versus 250 kWe of SOFC in [17]).

The data for the manufacturing of the anode, cathode, electrolyte, and the required ceramic
materials (Lanthanum Strontium Manganite (LSM) and Yittria Stabilised Zirconia (YSZ)) were retrieved
from [44].

The other secondary data for the SOFC stack, which were not available in [17,44], were retrieved
from the already existing inventory in ecoinvent 3.4 called “Fuel cell, stack solid oxide, 125kW electrical,
future {CH}|production APOS” and multiplied times 1.59 to account for the different size (assumption
of linear proportionality of materials to the size as before).

For the production of the SOFC’s BoP, data for the inputs of steel and energy were retrieved from [17].
The other data were instead retrieved from ecoinvent 3.4 dataset “Fuel cell, solid oxide, 125 kW electrical,
future {CH}|production|APOS”, which was modified as well by multiplying times 1.59.

The materials for manufacturing the cage of the GCU were assumed to be similar to the ones
of the cage of the external reformer of the SOFC provided in ecoinvent 3.4. The 96 filter candles
which are present in the GCU system at the beginning of the operation were included within the
manufacturing stage. These candles are made from calcium-magnesium-silicate high-temperature
fiberglass. The processes “Calcium borates {GLO}|market for|APOS”, “Magnesium {GLO}|market
for|APOS” and “Silica sand {DE}|production|APOS” from ecoinvent 3.4 were used as a proxy for
CaMgO4Si. It was further assumed that 1.1 kg of material input would generate 1 kg of filter candles.
The mass of each candle was derived from the technical sheet of the candles [45].

2.2.4. Inventory Data for Operation and Maintenance

The system operation includes all the material and energy inputs needed to operate the plant
during one year of service (e.g., gas cleaning sorbents, water), waste outputs (e.g., ash which needs to
be disposed of) and direct emissions to the environment (e.g., pollutant gas released to air).

The resulting direct emissions to air from the HBP are summarised in Table 4. Data for such
emissions were only available for wood chips and wood pellets. The emissions from the operation
with Miscanthus pellets were assumed to be the same as for wood pellets. Data on the ash formation
(grate ash and fly ash) was retrieved from [14].



Energies 2020, 13, 2773 8 of 24

Table 4. Direct emissions (mg) to air per MJ of overall energy output (heat and electricity). OGC = organic
gaseous compounds, TSP = total suspended particle, NOX = nitrogen oxides. Maximum values shown
in the table were used in the Life Cycle Inventory.

Fuel CO OGC TSP NOX

Wood chips <20 <0.01 <0.01 <0.01
Pellets <20 <0.01 <0.01 <0.01

The operation of the gasifier needs 2.36 kg of natural gas for start-up operations and about 80.0 t
of tap water per year for gasification air humidification (based on simulations from project data).
According to measurements performed downstream the primary gas treatment zone, i.e., at GCU
inlet, the syngas composition during utilization of wood chips is as follows (in volume percentage):
15.4% CO, 10.6% CO2, 1.8% CH4, 8.3% H2, 21.8% H2O, 41.1% N2. During the multiple tests performed,
such a composition showed to be stable. After the primary treatment unit, the syngas typically shows
contaminant concentrations in the range of 30 ppm for sulfur and 20 ppm for chlorine (on wet basis)
when wood chips are used as fuel. The tar concentration at the inlet of the GCU was lower than
2.0 g/Nm3 on a dry basis and the particulate matter contents (TSP) of about 200 g/Nm3 on a dry basis
were determined.

For the operation of the GCU, about 1.2 t of zinc oxides per year are needed for H2S removal.
The GCU also requires 1200 Nm3 of Nitrogen per year for the cleaning of the filter elements. One year of
operation of the GCU requires also 4800 kg of dolomite mixed with 900 kg of sodium bicarbonate (from
ecoinvent 3.4, Soda ash, dense {GLO}|market for|APOS) as coating materials respectively for Cl-sorption.
The GCU has been designed to feed the SOFC with a product gas containing less than 5 ppm of
chlorine, less than 1 ppm of sulfur, and less than 100 ppm of particulate matter (TPS < 0.1 mg/Nm3,
on wet basis). Since the composition of the syngas is expected to be stable (confirmed also by the first
test runs), the uncertainty about the simulated electric power output of the SOFC is expected to be
very low.

The maintenance stage includes all the components which are replaced during the lifetime of the
HBP plant. The SOFC stack and the GCU have a shorter lifetime than the average lifetime of the HBP
CHP plant. Since the SOFC stack currently investigated for the HBP technology has an estimated
lifetime of 5 years, the production of 1/5 extra SOFC stack per year was added to the maintenance stage.
The GCU used for the HBP technology has a lifetime of 10 years, therefore, the production of 1/10 extra
GCU per year was added to the maintenance stage. All other maintenance inputs (steel components
and deionized water consumption for start-ups) for the SOFC were retrieved from [17] and scaled for
the capacity of the SOFC under investigation. For the filter candles, an average of 30% of candles is
estimated to be replaced each year of operation of the HBP technology. Therefore, the production of
29 extra candles per year was included in the maintenance stage.

2.2.5. Inventory Data for End-of-Life Disposal

The main material employed in the components of the HBP is steel and can be recycled at the
end of the life of each component. Based on the amount of steel present in the components (and their
replacements), it was assumed that about 1900 kg of steel are recycled per average year of operation.
The model included the energy for pressing and crushing the steel crap (based on [46]), a recycling
efficiency (referred to as RRE in Equation (1)) of 88% [47], and a transportation distance of 100 km
from [46]. Such transportation was assumed to occur mainly by 16–32 t lorries Euro 3 [46].

A recycling process is a typical example of a multifunctional process fulfilling two functions i.e.,
the treatment of waste and the production of a recycled product. Based on our goal, the modeling
approach (i.e., attributional), and the recommendations by ISO 14044:2006, mass allocation was applied.
This selection is based on the fact that ISO 14044:2006 prioritizes allocating by a physical property for
open-loop recycling over the economic value or number of uses (among ISO third level allocations i.e.,
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by other relationships). Additionally, system expansion cannot be applied since we want to isolate the
first function (first use of the material which led to its treatment) from the second function (next use or
cycle of the material). The impacts arising from transportation (ET), recycling (ERC), and the extraction
and processing of the primary material (Ev) were therefore allocated by mass between this life cycle
and the following one (see Equation (1) expressing the allocated impact to our functions). The resulting
mass allocation factor (1/(1 + RRE)) was 53% (1/1.88). The second part of Equation (1) related to the
virgin material takes into account the fact that the primary production was already accounted entirely
in the manufacturing phase, and therefore the corresponding burdens (e.g., extraction of raw material)
that belong to the following life cycle should be subtracted.

Esteel disposal = RRE(ET + ERC)
1

1 + RRE
−

RRE
1 + RRE

Ev (1)

There are some precious metals (e.g., used as catalytic materials) used in the power plant that,
depending on the recovery efficiency and initial concentration, might be economically convenient to
recover, though e.g., hydrometallurgical treatment [48]. Nevertheless, such specific recovery processes
were not modeled because of the unavailability of Life Cycle Inventory data. Materials other than
the steel used in the power plant components consist of hazardous waste (24 kg) and inert waste
(10 t per year in the chips scenario, and 20 t per year for the pellets scenarios). The treatment of the
hazardous waste was modeled through the ecoinvent dataset “Hazardous waste, for underground
deposit {DE}|treatment of hazardous waste, underground deposit|APOS”. The inert waste consists
mainly of materials for sorbents and was modeled through the ecoinvent 3.4 dataset “Inert waste,
for final disposal {CH}|market for inert waste, for final disposal|APOS”.

2.2.6. Inventory Data for the Competing Technologies

For the comparative analysis, the ecoinvent 3.4 datasets “1 MJ Heat, district or industrial, other than
natural gas {CH}|heat and power co-generation, wood chips, 2000 kW, state-of-the-art 2014|APOS”
and “1 kWh Electricity, high voltage {CH}|heat and power co-generation, wood chips, 2000 kW,
state-of-the-art 2014|APOS” were used for the ORC. This dataset represents a state of the art ORC
co-generation plant equipped with an electrostatic precipitator for particulate emission reduction
and includes the infrastructure. For the separate production of heat and electricity, the ecoinvent
3.4 datasets “1 MJ Heat, central or small-scale, natural gas {CH}|heat production, natural gas, at boiler
condensing modulating < 100kW|APOS” and “1 kWh Electricity, medium voltage {DE}|market
for|APOS” were used.

Following the description provided in ecoinvent 3.4 for the ORC ecoinvent dataset, the capacity
of the ORC plant is 1000 kW thermal, and 200 kW electric (similar to the electric output of the HBP
technology). This information was used to estimate the exergy allocation factor of 46% for heat
(assumed district heating provided at 90 ◦C as for HBP) and 54% for electricity. Based on 2015–2017
average prices for Germany, the economic allocation shares for ORC would be 66% for heat and 34%
for electricity. As the total power input (as wood chips) is 2000 kW, this ORC plant has an overall
energy efficiency of 60%, i.e., 10% electrical efficiency plus 50% thermal efficiency.

3. Results

3.1. Environmental Impact of the HBP Technology

3.1.1. Baseline (Wood Chips)

Figure 3 shows the breakdown of the impact of the HBP technology for the seven investigated
impact categories (see Appendix A for absolute values).
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Figure 3. Main contributions to the cradle-to-grave environmental impact of producing heat and
electricity with the HBP technology using wood chips as biomass fuel. The presented breakdown is
valid for both functional units. CC = Climate change, PM = Particulate matter, POF = Photochemical
ozone formation, AC = Acidification, TE = Terrestrial eutrophication, WRD = Water resource depletion,
MFRD = Mineral, fossil, and renewable resource depletion.

The main contributions to the cradle to grave environmental impact are the wood chips used,
followed by the maintenance phase and manufacturing phase. The impact of wood chips is made of
two components i.e., their transportation and their production. The impact of transporting wood chips
(based on the Swiss supply chain assumed by the dataset retrieved from ecoinvent) represents 18–27%
of the impact of wood chips for all impact categories, except for photochemical ozone formation (9%)
and water depletion (2%). In all impact categories, except water depletion, the impact of the production
of wood chips is mainly caused by the production and combustion of diesel and petrol (60–80%) used
in power sawing machines, skidders, and chippers. The production of the lubricants used in the three
processes mentioned above causes about 2–10% of the impact of wood chips production in all impact
categories except for water resource depletion for which it represents 80% of the impact. The water
depletion impact of wood chips is mainly due to the fraction of vegetable oils used for lubricating
the chains during power sawing activities (in absolute terms, this impact is quite low, see figures in
Section 3.1.2 and Section 3.2.2.

The main impact of the manufacturing stage is due to the production of the SOFC system,
which contributes to 63–100% of the impacts in this stage (depending on the category). Within the
SOFC system, the production of the SOFC stack and the inverter are the main sources of impact.
This is mainly due to the large electricity consumption during the manufacturing of the stack (as also
highlighted by Rillo et al. [17]) and the manufacturing of chromium steel (mainly caused by the
production of ferrochrome [17]).

Concerning the maintenance impacts, the maintenance of the SOFC system contributes to 63–100%
of the impact depending on the impact category. The major contributor (95–99%) to the impact of the
maintenance of the SOFC system is the replacement of the SOFC stack, which requires the production
of a new SOFC stack every five years of operations.

The operation phase is dominated by the operation of the GCU (mainly zinc oxide used and
sodium bicarbonate) expect for water depletion whose impact is mainly caused by the water used for
the operation of the gasifier. The contribution of direct emissions is negligible in all impact categories.
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The particulate matter caused by the operation of the HBP technology was only 1% of the total
particulate matter impact.

3.1.2. Alternative Scenarios (Wood and Miscanthus Pellets)

Figure 4 shows the environmental impact of the baseline scenario in comparison to the
alternative scenarios.
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Figure 4. HBP technology fueled with various biomass fuels (the same graph applies to both
1 MJ heat or 1 kWh electricity). Values are normalized taking as 100% the impacts of the most
impacting scenario. CC = Climate change, PM = Particulate matter, POF = Photochemical ozone
formation, AC = Acidification, TE = Terrestrial eutrophication, WRD = Water resource depletion,
MFRD = Mineral, fossil, and renewable resource depletion. WC = wood chips, WP = wood pellets,
MP = Miscanthus pellets.

The results show that, in all impact categories, the total life cycle impact is the lowest for the
operation with wood chips compared to the other two biomass scenarios (wood pellets and Miscanthus
pellets). Since the inventories for manufacturing and maintenance are the same, the main difference
between the three scenarios is the production of the biomass fuel (wood chips have lower environmental
impacts than the two pellets).

The impact of the WC scenario is between 10% and 70% lower than for the WP scenario (with the
highest impact difference for water depletion and particulate matter). For water depletion, the impact of
wood pellets is almost entirely caused by the electricity consumption of the pellet factory. For particulate
matter, the shaving process accounts for about 54% of the impact of producing wood pellets. Shaving
is, therefore, the main cause of the significantly higher particulate matter impact in the production of
wood pellets compared to wood chips. The impact of shaving is mainly caused by its drying process
(87%), which leads to high particulate emissions due to the combustion of industrial wood.

Except for particulate matter and photochemical oxidant formation, the Miscanthus scenario
presents higher environmental impacts than the wood pellets scenario. The characterized results indicate
between 18% and 28% lower impacts for the wood pellets scenario than for the Miscanthus scenario in
the categories of acidification, climate change, resource depletion (mineral, fossil, and renewables),
and terrestrial eutrophication. The particulate matter impact is lower (−27%) in the case of Miscanthus



Energies 2020, 13, 2773 12 of 24

pellets because the shaving process, which was the main source of impact for wood pellets, is not used
to produce Miscanthus pellets.

The difference in impact is even higher for the water depletion category, which scores 97% lower
in the wood pellets scenario than in the Miscanthus pellets scenario. The irrigation needed during its
cultivation is the main cause of the significantly higher water depletion in the scenario with Miscanthus
pellets (see Figure 5). Other activities that are an important source of impacts for Miscanthus pellets are
the electricity for pelleting, the diesel burnt during the harvesting stage and the emissions caused by
fertilizing (see Figure 5 for the single contributions in each impact category).Energies 2020, 13, x FOR PEER REVIEW 12 of 23 
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Figure 5. Main contributions to the environmental impact of Miscanthus pellets supplied to the HBP
CHP plant. CC = Climate change, PM = Particulate matter, POF = Photochemical ozone formation,
AC = Acidification, TE = Terrestrial eutrophication, WRD = Water resource depletion, MFRD = Mineral,
fossil, and renewable resource depletion.

Similar to the baseline case of wood chips, direct emissions have a negligible impact on the
operation with wood pellets and Miscanthus pellets. This aspect is particularly important in the case of
biomass technologies installed in heavily populated areas.

As Miscanthus is an energy crop, it is important to assess the impacts due to land use. As for
the other impact categories, the selection of the method was based on ILCD recommendations [26].
Accordingly, the carbon deficit caused by land use was assessed using the Soil Organic Matter model
of [49]. This model accounts for the changes in soil quality caused by the occupation and transformation
of the land. Land occupation generates changes in soil quality which depend on the amount of area
occupied and the duration of such an occupation. Land transformation generates changes in soil quality
which depend on the extent of changes in land properties and the area affected. In this model, the deficits
in soil organic matter content are assessed and expressed by an indicator whose unit is kilograms of
carbon deficit. These deficits are caused by the effects of agricultural practices on degradation rates.
The changes can also be additions of soil organic matter. For example, these additions can be caused
by the application of manure or crop residues. It should be observed that this modelling of land
use impacts does not account for the counterfactual effects caused by land use changes modelled in
consequential LCAs of bioenergy.

The production of 1 MJ of heat using Miscanthus pellets generates a 0.86 kg C deficit. Such an
impact is much higher than for 1 MJ of heat generated using wood chips (0.12 kg C deficit) and using
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wood pellets (0.13 kg C deficit). The reason is that Miscanthus is an energy crop. Hence, differently
from the feedstock for wood chips and pellets, it requires dedicated cultivation.

3.2. Benchmarking with Competing Technologies

3.2.1. Comparison with ORC Technology (Both Fueled with Wood Chips)

Figure 6 shows the comparison between HBP technology and ORC technology both fueled with
wood chips.
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Figure 6. Comparison of HBP technology with ORC technology for 1 MJ of heat. The graph for
1 kWh electricity shows some minor differences due to a slightly different Carnot factor assumed
for ORC technology. Values are normalized with respect to the impacts of the most impacting
scenario. CC = Climate change, PM = Particulate matter, POF = Photochemical ozone formation,
AC = Acidification, TE = Terrestrial eutrophication, WRD = Water resource depletion, MFRD = Mineral,
fossil, and renewable resource depletion. WC = wood chips.

Compared to the same amount of heat produced by the ORC technology, the heat co-generated
by the HBP technology shows lower environmental impact in terms of climate change (−42%) and
much lower impact (−87%/−96%) in terms of particulate matter, photochemical ozone formation,
acidification and terrestrial eutrophication. These differences can be explained by two main advantages
of the HBP technology: (1) the HBP has higher energy and exergy efficiencies, and therefore less
biomass is needed for producing the same amount of energy and exergy as outputs and (2) HBP avoids
the external combustion of biomass occurring in the ORCs, and therefore releases less particulate
emissions (the particulate matter impact of the ORC technology is for 97% caused by direct emissions
of particulates). Although HBP technology has the same thermal efficiency as the ORC technology,
its electric efficiency is three times higher. On the other hand, the HBP technology shows higher water
depletion (+38%) and resource depletion (+79%). For water depletion, the high impact is caused by the
replacements of the SOFC stack. For depletion of resources (minerals, fossil, and renewables), the main
cause can be found in the production of the SOFC stacks. All these components are not present in the
case of an ORC.

Similar results were obtained when comparing electricity production from HBP and ORC. The HBP
shows lower impacts for climate change (−45%), particulate matter (−96%), photochemical ozone
formation (−91%), acidification (−88%) and terrestrial eutrophication (−96%). On the other hand,
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the HBP technology shows an increased impact in terms of water (+31%) and depletion of resources
(MFRD) +70%.

3.2.2. Comparison with Conventional Production of Heat and Electricity

Figures 7 and 8 show the comparison between the HBP technology operating with the three
investigated biomass fuels and conventional separate productions of heat and electricity.
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Figure 7. Comparison of HBP technology with competing technologies (for 1 MJ heat). Values are
normalized taking as 100% the impacts of the natural gas boiler. CC = Climate change,
PM = Particulate matter, POF = Photochemical ozone formation, AC = Acidification, TE = Terrestrial
eutrophication, WRD = Water resource depletion, MFRD = Mineral, fossil, and renewable resource
depletion. WC = wood chips, WP = wood pellets, MP = Miscanthus pellets.

The heat co-generated by the HBP technology shows a lower environmental impact compared to
the heat produced by a condensing boiler burning natural gas. Even considering the least preferred fuel
scenario in each impact category, the impact differences are at least −94% in terms of climate change,
−70% in photochemical ozone formation, −37% in acidification, −43% in terrestrial eutrophication and
−22% in depletion of resources. In particular, the significant difference in climate change is mainly
generated by the biogenic carbon dioxide emissions (which are assumed to be carbon neutral) instead
of fossil ones.

On the other hand, the HBP technology causes +28% impacts in particulate matter in the WP
scenario (caused by the high particulate matter released when producing wood pellets) and significantly
higher water depletion for the MP scenario (+13,000%), due to the water used for irrigation in the
cultivation of Miscanthus (the only scenario with irrigation). When wood chips are fed instead of pellets,
the HBP shows a much lower impact in terms of particulate matter (−59%) but still a relatively higher
impact in water depletion (+19%), due to indirect water consumption in different life cycle activities.
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Figure 8. Comparison of HBP technology with competing technologies (for 1 kWh electricity). Values
are normalized taking as 100% the impacts of the German electricity mix. CC = Climate change,
PM = Particulate matter, POF = Photochemical ozone formation, AC = Acidification, TE = Terrestrial
eutrophication, WRD = Water resource depletion, MFRD = Mineral, fossil, and renewable resource
depletion. WC = wood chips, WP = wood pellets, MP = Miscanthus pellets.

The electricity co-generated by HBP technology shows a lower environmental impact compared to
electricity produced by the German electricity mix (EMIX). In particular, even considering the worst fuel
scenario, the differences of impact are at least −86% for climate change, −43% for photochemical ozone
formation, −56% for acidification and −63% for terrestrial eutrophication. Nevertheless, the HBP using
wood pellets as fuel can lead to an increase in particulate matter (+7%). The HBP using Miscanthus
pellets has much higher water resource depletion (+146%; caused by irrigation of Miscanthus) than the
electricity from the grid mix. When operating with wood chips, the HBP shows a much lower impact
than the EMIX, leading for example to −66% impacts in particulate matter, −98% in water depletion
and −54% in depletion of resources (MFRD).

3.2.3. Comparing with Other LCAs of SOFC CHPs

In the literature, 8 LCAs of SOFC CHPs have been conducted along with a review of LCAs on
SOFC systems. In most of these LCAs, the fuels used in the SOFC CHPs assessed were natural gas and
biogas and the capacity of the SOFC was only a few kilowatts (1–20 kW) of electricity. LCAs on SOFC
CHPs of larger capacity (comparable to the one of the HBP) were conducted by [50–52]. Our results for
the climate change impact of the HBP technology (0.03–0.09 kgCO2eq/kWhel depending on the fuel
considered) indicate considerably lower impacts than for the SOFC CHPs assessed by these LCAs.

These lower impacts are especially found for the SOFC CHPs using natural gas as fuel because
of the avoidance of direct emissions of fossil CO2 allowed by the HBP which is fueled with a biofuel
instead of fossil fuel. In particular, among the LCAs of SOFC CHPs whose size is comparable to the
HBP and operating with natural gas, Strazza et al. [50] assessed a 230 kWel SOFC CHP with electric
efficiency of 53.4%. The resulting impact was 0.47 kgCO2eq per kWh of electricity, which is at least
5 times higher than for the HBP. An older study [52] assessing a 125 kWel SOFC CHP operating with
natural gas, calculated an impact of 0.9–1.0 kgCO2eq per kWh of electricity, which is at least 10 times
higher than for the HBP. Staffell et al. [44] assessed a 1 kWel micro-SOFC CHP fueled with natural
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gas and calculated an impact of 0.32–0.37 kgCO2eq/kWhel, which is a least 3–4 times higher than for
the HBP.

The impact of the HBP is also at least 44% lower than for SOFC CHPs operating with biogas.
In this case, the main reason can be found in the different fuel production processes and composition
of the fuel used and consequent different composition of the direct emissions (e.g., methane emissions
released with the exhaust gases). In particular, Strazza et al. [50] calculated an impact of 0.16 kgCO2eq
for a 230 kWel SOFC CHP with 52.2% electric efficiency operating with biogas from sewage sludge.
For the same type of system but with a capacity of 125 kWel, Sadhukhan [51] calculated an impact of
about 0.19 kgCO2eq per kWhel. Concerning this last figure, Sandhukhan used a different functional
unit (1 ton of sewage sludge processed through anaerobic digestion) and we derived it by applying
exergy allocation on the energy outputs.

Similarly to the HBP, for multiple impact categories, Strazza et al. found that the impact of this
system, independently on the fuel considered (natural gas or biogas) was dominated by the production
of the fuel. The only exception was the climate change impact of the operation with natural gas,
whose impact was mainly caused by the operation phase (mainly direct emissions of fossil CO2 of
the system).

3.3. Alternative Methods for Solving Multifunctionality

Exergy allocation was used to partition the total environmental impact between heat and electricity,
as explained in Section 2.2.1. In the literature, the two most applied alternative approaches to address
the multifunctionality of SOFC CHPs are system expansion (enlargement) and economic allocation [20].
The first approach was only applied in studies where it was not necessary to differentiate between the
impacts of heat and those of electricity.

Although the substitution method has a clear link with consequential analyses, it has been often
applied in the literature for attributional LCAs with goals similar to the one of this study [53–55].
By the substitution method, the impact of the main product is obtained by subtracting the impact of the
marginally avoided secondary products from the impacts of the overall system [21,56]. In particular,
the main product is defined as the one providing the highest share of revenues within the analyzed
product system (physical/economic significance) [21].

A sensitivity analysis was performed to understand the influence of the method on the results
of the study. This analysis explored the variation of the results when applying economic allocation
and the substitution method for the WC scenario, ORC scenario, and separate productions of heat
and electricity.

When applying substitution, the first step is identifying the main product. Based on the economic
heat/electricity ratio (see Table 2), electricity is the main product for the HBP. The production of heat
by the HBP technology can marginally avoid the production of heat from natural gas on the market
(Heat, central or small-scale, natural gas {CH}|heat production, natural gas, at boiler condensing
modulating < 100 kW|Conseq from ecoinvent 3.4).

On the other hand, the HBP heat could also avoid the production of heat by an average biomass
boiler (Heat, district, or industrial, other than natural gas {CH}|heat production, softwood chips
from the forest, at furnace 300 kW|APOS from ecoinvent 3.4). The choice of a biomass boiler
as substituted technology can be considered as an “alternative activity allocation” i.e., a form of
“proxy-based disaggregation” [21]. This type of allocation is performed through the subtraction of
impacts but differs from the substitution performed in consequential LCAs because it is not based
on modeling of marginality [21]. Instead, this allocation takes as substituted processes the ones
providing “primary productions of identical products and not of products that fall under different
categories” [21]. This approach might, therefore, be an option also in attributional LCAs when reflecting
the underlying physical relationship between the main and subsidiary products [21]. This sensitivity
analysis considered both approaches, the substitution of a marginal activity (heat from a natural gas
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condensing boiler) and the substitution of an alternative activity (heat from a biomass boiler, marked
as (a) in Figures 9 and 10).
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competing technologies. Boiler running with natural gas taken as 100%. ORC = Organic Rankine Cycle,
NG = Natural gas boiler, (a) = substitution of heat from a biomass boiler.

Based on the economic heat/electricity ratio of the ORC technology (see Table 2), heat is the main
product for the ORC technology. In the case of the ORC, the electricity produced from the ORC avoids
the production of marginal electricity from the electricity mix (this process is represented in the model
by the ecoinvent dataset Electricity, high voltage {DE}|market for|Conseq).

The sensitivity analysis (see Figures 9 and 10) indicated that, compared to exergy allocation,
the economic allocation method apportions more impacts on heat (+70% in every category) while it
decreases by 23% the impacts of electricity. The same applies to the ORC technology (+40% and −36%
respectively for heat and electricity). For CHPs, it is therefore important to show the impacts for both
heat and electricity when an allocation method is applied, so that a full picture of its environmental
impacts is provided.
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competing technologies (1 kWh electricity). Electricity mix taken as 100%. ORC = Organic Rankine
Cycle, EMIX = Electricity mix, (a) = substitution of heat from a biomass boiler.

On the other hand, the conclusions of the comparative assessment did not change when applying
exergy or economic allocation methods. This was true for all three comparisons: (1) between HBP
with wood chips and ORC with wood chips, (2) between the three different biomass fuels scenarios
and (3) between the HBP and the separate productions. For instance, the impact of the HBP per MJ
of heat with both allocation methods was lower than for ORC in climate change, particulate matter,
photochemical ozone formation, acidification, and terrestrial eutrophication, but it was higher in the
two categories concerning the depletion of resources (see Figure 9). On the other hand, the percentages
of potential environmental impact savings or intensifications compared to separate production can
change significantly. For example, for climate change, the savings of impact of the HBP compared to
ORC was 42% when using exergy allocation while it was decreased to 30% with economic allocation.
However, for particulate matter, there was no difference.

Concerning substitution (see Figures 9 and 10), the variations compared to other allocation
methods were small or large depending on the impact category considered and the type of substitution
applied. Moreover, both types of substitution approaches and the alternative activity method led
to negative results in some impact categories. This last aspect highlights that the modeling was
not consistent with the attributional goal of the study, which is not aimed at assessing a change in
demand, and therefore, it should provide negative emissions for a single product of a multifunctional
process whose overall impact is positive [21]. When a physically/economically significant product
(the substituted function was 42% of total revenues for HBP and 34% for ORC) is substituted in
attributional LCAs (by assuming that its impact corresponds to the one that would be replaced
in the market), the results are often not aligned with other allocation methods and contrasts with
the attributional aim of the LCA. This aspect emerges clearly when multiple impact categories are
investigated in the same LCA study resulting in conclusions in contrast with other allocation methods
and of difficult interpretation.
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3.4. Sensitivity Analysis on Potentially Sensitive Parameters

3.4.1. Internal Parameters

The results of the analysis indicated that the production of the biomass fuel (23–78% for the baseline
scenario WC, depending on the category) and the SOFC stacks (10–43%) have a high contribution to
the total impacts.

The ecoinvent dataset used for wood chips included both wood chips obtained as by-products
of sawmill activities (15%) and from forest management (85%). To reduce the environmental impact,
a scenario with only sawmill wood chips as fuel could be used. This type of wood chips presents a
lower impact compared to wood chips from forest management because an important percentage
of the impact of the upstream activities occurring in the forests is allocated to the main products of
the sawmills. This scenario was assessed by sensitivity analysis to estimate the potential variation
in the impact of the HBP (see the second column of Table 5). By using only sawmill wood chips,
the environmental impact of HBP technology can be significantly reduced (indicatively by 10–40%).

Table 5. Sensitivity analysis on the reduction of the environmental impact of the HBP technology by
either increasing the SOFC stack lifetime or using only wood chips produced as industrial by-products.

Impact Category Industrial Wood Chips Only
(Measured in % Variation)

Longer SOFC Stack Lifetime
(Measured in % Variation)

Climate change (CC) −37% −4%
Particulate matter (PM) −15% −6%

Photochemical ozone formation (POF) −47% −2%
Acidification (AC) −16% −7%

Terrestrial eutrophication (TE) −37% −4%
Water resource depletion (WRD) +8% −10%

Mineral, fossil, and renewable
resource depletion (MFRD) −10% −3%

Alternatively, the impact of HBP technology could be improved by acting on the SOFC stack.
Since the stack needs to be replaced every five years, the environmental impact could be improved by
increasing the SOFC stack lifetime and therefore reducing the number of replacements over the plant
lifetime. The second column of Table 5 shows the reduction of the environmental impact that could
potentially be achieved by increasing the lifetime of the SOFC from five to seven years. This would
lead to a decrease between 2% and 10% of the impacts of the wood chips scenario (baseline).

3.4.2. External Parameters

Since the technology will be deployed after 2025, it is important to explore how the comparative
evaluation will change taking into account the current trends of decarbonization, which should
lead to a decrease in the share of coal-produced electricity by shifting to renewables. In particular,
the expected decarbonization of the European electricity grid will diminish the environmental benefits
of HBP technology.

To assess this variation, the electricity mix based on two future scenarios for 2030 were considered:
the EU reference scenario for Germany [57] and the IEA current policy scenario [58]. Due to the
unavailability of the IEA current policy scenario for Germany, the IEA average mix of 2030 for the
EU was taken as a proxy. This second scenario represents a more decarbonized electricity sector and
includes other countries where the HBP could be commercialized. In particular, the IEA current policy
scenario has only 13.7% coal and 44.7% renewables. The future savings of environmental impact
allowed by the HBP is shown in the two columns on the right in Table 6. The environmental savings
from the HBP technology will be only slightly affected (order of 5% overall) by the change expected in
the electricity mix for 2030.
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Table 6. Sensitivity analysis on the savings of environmental impacts of 1 kWh of electricity produced
by the HBP compared to the grid electricity mix (EMIX).

Impact Category
EMIX Germany, Ecoinvent 3.4 Future EMIX Germany, EU

Reference Scenario 2030
Future EMIX EU, IEA Current

Policy Scenario 2030

1 kWh
Electricity

Savings (%)
HBP vs. EMIX

1 kWh
Electricity

Savings (%)
HBP vs. EMIX

1 kWh
Electricity

Savings (%)
HBP vs. EMIX

Climate change
(kg CO2eq) 6.41 × 10−1 −95% 5.61 × 10−1 −95% 3.96 × 10−1 −92%

Particulate matter
(kg PM2.5 eq) 7.87 × 10−5 −66% 7.84 × 10−5 −66% 6.74 × 10−5 −60%

Photochemical
ozone formation
(kg NMVOC eq)

6.02 × 10−4 −49% 6.06 × 10−4 −50% 4.98 × 10−4 −39%

Acidification
(molc H+ eq) 1.58 × 10−3 −80% 1.35 × 10−3 −77% 1.12 × 10−3 −72%

Terrestrial
eutrophication

(molc N eq)
4.33 × 10−3 −89% 3.86 × 10−3 −87% 3.49 × 10−3 −86%

Water resource
depletion

(m3 water eq)
2.75 × 10−3 −98% 1.32 × 10−4 −54% 4.47 × 10−4 −87%

Mineral, fossil and
renewable resource
depletion (kg Sb eq)

7.47 × 10−6 −54% 7.89 × 10−6 −56% 7.41 × 10−6 −54%

4. Conclusions

This article presented the first life cycle assessment (LCA) of a novel technology integrating
biomass gasification and SOFC technologies. This technology is currently under development in the
H2020 HiEff-BioPower (HBP) project and allows for the use of various biomass types as feedstock.
This LCA assessed the environmental impacts when operating the technology with three different fuels:
wood chips, wood pellets, and Miscanthus pellets. The impact of producing heat and electricity with
the HBP technology was compared to the state of the art competing technologies. The results showed
that most of the impacts of producing heat and electricity with the HBP technology are generated
during the production (including transportation) of the biomass fuels (between 23% and 99% of the
total impacts depending on the category and the fuel). The use of wood chips as fuel generates
much lower impacts per functional unit than the operation with wood pellets (11–70% lower) and
Miscanthus pellets (9–99% lower), in all impact categories. The next highest contributor to the life
cycle environmental impacts is the SOFC stack, due to both the high energy intensity (especially in
electricity consumption) and material intensities of its manufacturing processes, and its short lifetime
(the stack should be replaced every 5 years). Beyond increasing the fuel efficiency of the technology
and therefore reducing the consumption of biomass fuels, the main recommendation to technology
developers would be to increase the lifetime of the SOFC stack. Increasing the SOFC stack lifetime
could decrease the environmental impacts of 2–10%, depending on the category.

The comparison of the HBP technology with separate productions of heat and electricity
(from natural gas condensing boilers and the German electricity grid) indicated significantly lower
impacts for the HBP technology, especially in climate change (86%/94% lower), photochemical
ozone formation (−43%/−70%), acidification (−37%/−56%) and terrestrial eutrophication (−43%/−63%).
Overall, HBP showed also better performance than ORCs, as they have higher exergy efficiencies and
almost zero particulate emissions resulting in 86–96% lower impact in the category particulate matter.

The sensitivity analysis on the allocation method for heat and electricity provided useful insights
for the choice of allocation methods in CHP plants, and led to the following recommendations:
(1) the attributional LCAs of CHPs should always provide the results for both heat and electricity
to allow for better interpretation of results, independently of the allocation method, (2) LCA results
from different CHP plants should not be compared if they assumed different allocation approaches
and (3) substitution is not recommended in attributional LCA (especially if the substituted product is
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not a minor by-product) because it provides results which are not in line with the attributional aim
(e.g., negative emissions) and lead to conclusions in contracts with the ones from applying allocation
methods which are proven to be a good proxy of physical causality for CHPs and therefore preferable.
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Appendix A

Table A1 presents the characterized environmental impacts per functional unit of heat and
electricity for each fuel scenario.

Table A1. Cradle-to-grave environmental impacts per functional unit and biomass fuel. WC = wood
chips, WP = wood pellets, MP = Miscanthus pellets.

Impact Category
1 MJ of Heat 1 kWh of Electricity

Wood Chips Wood Pellets Miscanthus Pellets Wood Chips Wood Pellets Miscanthus Pellets

Climate change
(kg CO2eq) 1.52 × 10−3 3.42 × 10−3 4.36 × 10−3 3.05 × 10−2 6.87 × 10−2 8.77 × 10−2

Particulate matter
(kg PM2.5 eq) 1.34 × 10−6 4.19 × 10−6 3.07 × 10−6 2.70 × 10−5 8.41 × 10−5 6.17 × 10−5

Photochemical
ozone formation
(kg NMVOC eq)

1.51 × 10−5 1.71 × 10−5 1.66 × 10−5 3.04 × 10−4 3.43 × 10−4 3.33 × 10−4

Acidification
(molc H+ eq) 1.57 × 10−5 2.87 × 10−5 3.49 × 10−5 3.15 × 10−4 5.78 × 10−4 7.02 × 10−4

Terrestrial
eutrophication

(molc N eq)
2.46 × 10−5 5.72 × 10−5 7.96 × 10−5 4.93 × 10−4 1.15 × 10−3 1.60 × 10−3

Water resource
depletion

(co2 water eq)
3.01 × 10−6 1.02 × 10−5 3.36 × 10−4 6.03 × 10−5 2.04 × 10−4 6.76 × 10−3

Mineral, fossil and
renewable resource
depletion (kg Sb eq)

1.71 × 10−7 2.80 × 10−7 3.71 × 10−7 3.43 × 10−6 5.63 × 10−6 7.46 × 10−6
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