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1. Introduction
Research on novel technologies for the production of advanced biofuels from microalgae aims
at contributing to the political target of a climate neutral mobility by 2050 set by the EU. To
complement bio-technical research and knowledge, in the PHOTOFUEL project we addressed
and analysed possible environmental impacts of cutting-edge biofuel production with
genetically engineered microalgae based on the Life Cycle Assessment (LCA) methodology.
This approach enables a holistic and comprehensive analysis on intended and unintended
environmental impacts from well to wheel already at an early stage of technology development.
The objective of our work was to identify the chances and challenges related to the production
of these renewable energy carriers produced by microorganism. Therefore, we selected the LCA
approach, because this is a standardised and well-recognised method for the analysis of a
product’s entire life cycle in terms of ecological sustainability in the scientific community. By
performing LCA, we aimed to evaluate the environmental impacts of the PHOTOFUEL
products from cradle to grave. We communicated and discussed our LCA results with project
partners on a regular basis from the beginning until the end of the project. By this, we provided
high-value insights to both biologists and process engineers and pilot plant operators in the
environmental profile of their processes and products and supported them with knowledge how
to improve them.
Our original idea was to compare the environmental compatibility of the different approaches
investigated and developed in the project. Following this plan, we started to establish the
necessary conditions for this analysis by designing and defining the process modules and
system boundaries and developing specific LCA models for the production of bisabolene, nbutanol and 1-octanol. As a reference process, we modelled the production of TFA with nongenetically modified Nannochloropsis oceanica. However, at lab scale not all of the
investigated microorganism and strains showed the expected and required high productivities.
Consequently, for further investigation only those strains have been transferred from lab to pilot
scale, which reached or exceeded the pre-set high productivity. Consequently, we did continue
to work with all LCA models we had developed and elaborated. We focused on those LCA
models for the microorganism and products, which project partners further investigated and
proofed at pilot scale.
This final report displays the summarised LCA results first for the production of 1-butanol by
the genetically modified cyanobacteria Synechocystis PCC6803 as this strain cultivated at the
University of Uppsala (UU) showed very high productivities both at lab and pilot scale at A4F
in Portugal. Second, we present the LCA results for the production of total fatty acids (TFA).
These TFA produced by the natural algae strain Nannochloropsis oceanica cultivated in the
Green Wall Panel (GWP®) photobioreactor at University of Firenze in Italy are biodiesel
precursor, which can be converted into algal biodiesel. In comparison to this non-genetically
modified reference, it can be discussed if the Photofuel process designed to run in a chemostat
operation allowing for a “milking” of the genetically modified cyanobacteria is environmental
superior. However, the objective of this work is to compare both algal biofuels, 1-butnaol and
TFA, each with their fossil reference.
For modelling the processes and performing the LCA from well-to-wheel, both for 1-butanol
and for TFA, a comprehensive and elaborated questionnaire was developed to collect all
information and data from project partners and experts. This comprises all input and output
flows including all equipment, materials, chemicals and resources used. Besides structuring,
processing, adjusting and verifying the original data collected by the questionnaire we
D6.3 LCA modelling
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maintained an ongoing email correspondence, had several virtual meetings and extensive
personal communication with both project partners operating the pilot plant in Florence (UniFi)
and Lisbon (A4F). By this, we built up a relationship of trust, which is crucial in order to get
any data, and collected as much information and data for the LCA inventory as possible. Based
on this inventory and supplemented by data from literature and the ecoinvent database, the
world's most consistent and transparent life cycle inventory, we conducted an environmental
impact assessment at pilot scale.
We regularly presented and discussed our insights and conclusions from the LCA results with
project partners. Building upon the pilot scale model and the expertise in the project consortium
we designed and modelled a perspective large-scale production plant (20 ha) by upscaling the
process. The objective of this difficult and complex task was to get clues how to increase
efficiencies, optimise the production system and gain environmental benefits from economies
of scale.
Besides, for both LCA models on 1-butanol and TFA production, scenarios were calculated to
consider changes in frame conditions, which might be applicable for industrial scale algal fuel
production in the future. Due to resource restrictions, we have limited ourselves to model only
three different scenarios, focusing on (1) the narrative of a circular bioeconomy where nutrient
recycling is crucial and (2) the narrative of a climate-neutral energy system with a full
transformation from fossil to renewable energy supply. For the scenario of a circular
bioeconomy we modelled and implemented the process of hydrothermal liquefaction (HTL),
which is a thermal biomass valorisation process used to convert wet residual algal biomass into
crude-like oil under moderate temperature and high pressure in order to recycle main nutrients
needed for microalgae cultivation, respectively nitrogen and phosphate. In this paper, the LCA
results for three scenarios for the production of 1-butanol with the genetically modified
cyanobacteria Synechocystis PCC6803 and for TFA with the natural algae strain
Nannochloropsis oceanica will be presented.
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2. Methodology
The LCA methodology was chosen considering not only its relevance as scientific assessment
approach but also the current significant impact of LCA in other issues such as policy
development, system and component design, authorization and permissions and consensus
building. Hence, the goal of these LCA is to provide a consistent understanding of the
production processes related to environmental issues.
For both LCA studies on 1-butanol and TFA, the open source software OpenLCA version 10.1
was used for the modeling of the LCIA in a well-to-wheel analysis. We followed the
recommendations of the ILCD Handbook 2011 to quantify the life cycle impacts. In the
OpenLCA software, this impact assessment method, developed and promoted by the JRC
European commission (2011) is already implemented. This impact assessment is carried out by
calculating the recommended impact categories according to the ILCD handbook [2]. There are
16 midpoint categories ranked according to the reliability of the scientific modelling approach
into three classes. Thereof, we selected six categories, which are considered as the most relevant
ones for the processes analysed (Table 1).

Table 1: Selected ILCD midpoint impact categories [11]

Impact category

Default LCIA method

Indicator

Unit

Climate Change

IPCC 2007 [13]

kg CO2 eq.

Particulate
matter

RiskPoll model [19,20]

Radiative forcing as
Global Warming
Potential (GWP 100)
Intake fraction for fine
particles

Mineral, fossil
and renewable
resource
depletion
Eutrophication,
freshwater

van Oers et al. 2002 [16], CML
2002 [17]

abiotic resource
depletion

kg Sb. Eq.

ReCiPe2008 (EUTREND model
[18])

Fraction of nutrients
reaching freshwater
end compartment (P)

kg P eq.

Land use

Model based on Soil Organic
Matter (SOM) [19]

Soil Organic Carbon

kg C deficit

Water Resource
Depletion

Ecoscarcity [26]

Water consumption

m³ water eq.

Classification
I

kg PM2.5 eq.
II

III

Midpoint categories classified as “I” deliver recommended and satisfactory results. Among
these, we selected the well-known and commonly used categories “Climate change” and
“Particulate matter formation” since they are both relevant for the processes under
investigation. The indicators “Freshwater eutrophication” and “Mineral resource depletion”
were chosen from category “II”, because of the expected impact of materials’- and fertilizers’
inputs used in a large-scale production system. Since these indicators are relevant and
recommended, but need to be improved, the results have to be considered as less reliable than
those of category “I”. The indicators chosen from category “III” are “Water resource depletion”
and “Land use”. They were selected based on the relevance of water demand for microalgae
cultivation and industrial land occupation. However, these indicators from category “III” are
less recommended and the results need to be interpreted with more caution.
D6.3 LCA modelling

page 7/28

Several pathways of (bio) fuels production and utilization are assessed. Each one is described
in detail in the following sections. Environmental impacts are evaluated based on two driving
cycles:
• The New European Driving Cycle (NEDC), last updated in 1997, is designed to assess
the emission levels of car engine. It was the test protocol in the European Union on
which the CO2 targets were based until September 2017. It has received criticism
regarding its effectiveness to represent real-life driving and to reduce CO2 emissions in
real world operating conditions.
• The worldwide harmonized light vehicles test procedure (WLTP), which is supposed to
address issues relative to the NEDC, consists in a more realistic test procedure and is
the current test protocol in the European Union since 2017. Main differences between
NEDC and WLTP are: test cycle and gear-shifting sequence, vehicle mass definition,
road load determination, chassis dynamometer preconditioning and temperature [3] (ref
doc JRC)
For the well-to-wheel (wtw) LCA impacts figures represent the different impacts generated in
the process of delivering 1 km of vehicle motion on the different driven cycles assessed.
Data used to calculate the environmental impacts of the different fuels by IFPEN come from
KIT for the impacts linked to the production of the precursors (1-butanol and TFA). Only the
upscaled scenario results are considered in the wtw calculations, as lab scale results are several
orders of magnitude higher than the prospective industrial scale and fossil references. Photofuel
partners Fiat, Volkswagen and Volvo provided the combustion emissions of the different fuels
(respectively for the gasoline, diesel light duty and diesel heavy duty fuels). Combustion
emissions are summarize in the Annex 1. Ecoinvent database 3.4 [1], with the cut-off
assumption for end of life management for the other required data was applied by IFPEN.
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3. LCA for 1-Butanol Production
In this chapter, we first present the LCA model for 1-butanol production, which we developed
together with biologists, and technical and process engineers, the system boundaries and the
considered process flows. Then, the process and results of the upscaling approach are presented
and the scenarios developed. At the end, the results of the life-cycle based environmental impact
assessment of the three scenarios are presented.

3.1

System Boundaries and Functional Unit

Figure 1 shows the system boundaries and process flows of 1-butnaol production. The system
under investigation comprises three consecutive production steps: pre-inoculation of the
cyanobacteria (PBR 1), inoculation of the tubular unilayer photobioreactor (PBR 2) and
continuous cultivation and production of 1-butanol (PBR 3). Part of the culture product with
the 1-butanol is filtrated and separated into two phases. The butanol rich medium undergoes a
pervaporation and distillation step to be recovered. The residual algae biomass is valorized
hydrothermal liquefaction (HTL), separation and centrifugation processes (Figure 1).

Figure 1: LCA system boundaries and process flow of biobutanol production with cyanobacteria. (PBR: Photobioreactor; HTL:
Hydrothermal liquefaction; Perv.: Pervaporation; DM: Dry matter; N: Nitrogen; P: Phosphorus)

The functional unit is defined as the production of 1 kg of “engine-ready” 1-butanol produced
by Synechocystis PCC6803. As a reference to evaluate the environmental impacts we selected
the fossil-based process “Butanol production from hydroformylation of propylene” from the
Ecoinvent database.
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3.2

Approach and Results of the Upscaling Process

Assumptions for the prospective upscaling of the LCA model for 1-butnaol warden given in
Table 2. Butanol productivities of Synechocystis PCC 6803 were taken from lab scale
experiments at Uppsala University in Sweden and Imperial College London. We assumed that
under perfect conditions they are applicable for a best case scenario considering a year-round
production (360 days) with an average butanol productivity of 600 mg/L/d (Boatman T,
Zemichael F, Wang X, Harun I, Vachiraroj N, Hellgardt K. WP3 Activities and Outcomes.
Unpublished Work. 2018). Continuous production is considered as a prerequisite for large-scale
production due to techno-economic reasons, but also to avoid discharge of genetically modified
algal biomass since this would need additional pretreatment to avoid environmental risks.

Table 2: Assumptions for the prospective upscaling of the LCA model for 1-butnaol

Productivity (mg/L/d)

Butanol concentration in PBR [g/L]
Biomass/ 1-butanol ratio
Energy use [kWh/ kg 1-butanol]
Cultivation
Separation/ Pervaporation:
Heating and cooling
-

Pumping

Hydrothermal liquefaction [kWh/kg
1-butanol]

Lab

Upscale

Assumptions

50 (weighted
average of two
strains) [10]
1
1:1 [own
assumption]

600 d

Highest productivity achieved
under lab conditions

2.65
0.35:0.65 d

Measured Butanol concentration

483a

23

Upscale by flowb

86 [7]

109

18 [7]

23

n.a.

0.84

Upscale by flowc, energy saving
appliede
Upscale by flowc, energy saving
appliede
Upscale by flowb [13,14]

a Guerra T. (personal communication, March 28, 2017). b Guerra T. (personal communication, September 19,
2018). c According to Lauersen and Kruse (2017). d Boatman T, Zemichael F, Wang X, Harun I, Vachiraroj N,
Hellgardt K. WP3 Activities and Outcomes. Unpublished Work. 2018. e According to Liu et al. (2013)

We assumed that one cleaning per year is needed as the system is running under perfct
conditions. Cleaning is performed by flushing the tubes with twice the water volume of the
reactors and a solution with chlorine (7.0 kg) and thiosulfate (5.6 kg). In order to keep the fresh
water demand low, recycling of the culture medium is assumed to reduce the water
consumption, which totals to 433,145 m3 including the water demand for the cooling system
per year caused by evaporation. As 90% of the culture broth harvested can be recycled and fed
back to the PBR, the total fresh water volume per year can be reduced to 82,625 m3. The
yearly1-butanol production was considered to be about 2,000 t and 1,080 t of biomass as coproduct, since daily harvesting of around 30% of the culture was assumed. Differences in
densities of biomass, butanol and culture medium were not considered for technical
configuration and processing.
The recovery of 1-butanol from dilute mixtures represent a technical challenge which has not
yet been addressed in a satisfying way. In fact, the most suitable and cost effective microalgal
harvesting method is a constant matter of research. Following the cultivation process, the
product flow need to be separated into two phases: a 1-butanol rich medium (ca. 65 Vol. %)
D6.3 LCA modelling
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and the biomass slurry (ca. 35 Vol. %) by applying a polypropylene microfilter (Boatman T,
Zemichael F, Wang X, Harun I, Vachiraroj N, Hellgardt K. WP3 Activities and Outcomes.
Unpublished Work. 2018 and Boatman T, personal communication, January 7, 2019). Four of
the most promising butanol separation technologies (distillation, pervaporation, gas stripping
and ionic liquid extraction) were assessed by our project partners (Wagner, Lee-Lane,
Monaghan, Sharifzadeh & Hellgardt, 2019). They concluded that it is necessary to make a
compromise between energy requirement and operating costs.
Based on their findings we selected for our prospective upscaled LCA model the technique of
pervaporation to separate the 1-butanol from the cyanobacateria culture broth. Consequently,
the pervaporation system was implemented with a pervaporation temperature of 60°C,
including energy savings of 42.9% related to energy integration (compared to a system without
energy recovery). In order to match with the industrial scale, the data for the equipment for
heating and cooling and their energy demand were upscaled based to match a continuous
process design. For this, electricity inputs, savings in large-scale production of 15% were
considered. The energy demand for the pervaporator pump was scaled up linearly without any
economies of scale, due to lack of information on flow rates.
Following the process simulations by Wagner et al. (2019), it is considered that the butanolrich flow in the system is treated with a two-step pervaporation process and a final distillation
column in order to purify the product (Figure 2).

Figure 2: Flow diagram of the 1-butanol production process according to Wagner et al. (2019), modified
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3.3

Development of Scenario for 1-Butanol Production

Three different scenarios for the production of 1-butanol were developed and analysed. The
specifications for the three scenarios and their major input parameters are shown in Table 3.
The first scenario “Upscale” is regarded as baseline scenario for a 20 ha system considering no
changes in the process flows. The specifications of the two other scenario following the
narrative of the circular bioeconomy and climate protection by transforming the energy system.

Table 3: Major input parameters for the scenario Upscale and the scenario Upscale and HTL

Key parameters

Upscale

Productivity [mg/L/d]

600

Biomass/1-butanol ratio
Electricity demand
[kWh/kg 1-butanol]
CO2
Nitrogen fertilizer
[kg/kg 1-butanol]
Phosphorus fertilizer
[kg/kg 1-butanol]
By-product credit
[kWh/kg 1-butanol]
Electricity mix (2012)

Upscale + HTL
0.35:0.65

155

156

Flow is not considered in the LCA due to the biogenic source
0.35
0.04

0.13
(62.5% recycling)
0.004
(90% recycling)

n.a.

3
European mix (24.2% renewable) [23]

3.3.1 Scenario Resource Efficiency (Upscale and HTL)
The scenario “Upscale + HTL” is based on the “Upscale” scenario, but comprises a further
downstream step to valorise the biomass as well as to recycle nutrients (Figure 3). Pre-studies
showed that biomass valorisation should be included to improve the overall efficiency of the
process, e.g. by recycling of nutrients as well as increasing the energy output [24]. For this
LCA, the HTL process has been considered as the most suitable technology to convert the
residual algae biomass, since HTL in general is appropriate for the conversion of wet feedstock
[21]. Besides, HTL is a liquid energy carrier (so called bio-crude oil), which can be upgraded
and used as fuel as well.
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Figure 3: Flow diagram of the HTL process as implemented in the LCA model (based on [15])

It is assumed that the HTL process is operating 24 hours a day, with a daily feed of about
15,000 L that was designed according to Jones, Zhu, Anderson, Hallen & Elliot (2014) and
Zhang et al. (2017) and further developed by experimental data provided by Wagner et al.
(2019). Based on their finding, the residual algal slurries with 20 % DM content is processed
and converted at high temperature (350°C) and pressure (210 bar) resulting into four product
streams (Boatman T, personal communication, January 7, 2019). A generic organic co-solvent
(1,1 dimethylcyclopentan was chosen as a reference) is also included in order to support the
separation of the bio-oil from the other products. The solvent flowrate was set to 10 % of the
total flow entering the HTL process (Boatman T, personal communication, January 7, 2019).
The process of solvent recycling itself was not considered to be in the system boundaries of this
LCA study. However, a solvent recycling rate of 99.9 % is applied as a credit according to Liu
et al. (2013).
An “Aspen Design Case Model” was developed based on experimental results for
Nannochloropsis and Chlorella as well for three other algal types to adapt this model for fresh
and seawater algae [21].

3.3.2 Scenario Energy Transition (Upscale, HTL and RE)
In this scenario, the standard European electricity mix has been changed to a renewable
energy mix. Therefore, the conditions of the energy supply in Norway, where hydropower is
dominating the electricity market with a share of 96.2 %, was selected as a proxy to the future
energy system with only renewable energy supply [30]. As the 1-butanol separation also
requires energy in terms of heat, the heat supply was calso hanged to renewable sources
(biogas).
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3.4

LCA results

The LCA results for all scenarios are displayed i referring to the production of 1 kg of 1-butanol.
Especially electricity and operational materials, e.g. fertilizers and the embedded burdens of the
materials used, contribute to the impact assessment results. Processes contributing to less than
2 % to each impact category were summarized as “others”.

3.4.1 Baseline Scenario (Upscale)
Figure 4 shows that the highest share within climate change (38.89 kg CO2 eq), fresh water
eutrophication (0.015 kg P eq) and particulate matter formation (0.012 PM2.5eq) is resulting
from the energy consumption, (92 % , 90 % and 74 %, respectively).

Figure 4: LCA results for 1-butanol production (Scenario Upscale)

As expected, the land use category as well as the mineral depletion category are mainly related
to the infrastructure like the reactor system itself (53 % and 59 %, respectively). However, the
land use category, expressed as kg SOC, is a soil quality indicator, which is especially important
for assessing the impacts on fertile land use (agriculture and forestry systems). As we are
referring to an industrial scale, we are considering exceptionally the “occupation of industrial
area” without any land transforming processes within the inventory of the infrastructure [15].
The SOC indicator provides directly relevant information for the assessment of a system's net
contribution to the Global Warming Potential (GWP) through the effect on the soil carbon pool
[35]. However, the soil mechanisms regarding carbon capture and release related to Land Use
Change (LUC) are complicated and different LUC measures might be more adequate as this
impact category was a crucial part of recent debates on the sustainability of biofuels [2,3].
Operational materials dominate the impact category water depletion (52 %). Here, fresh water
inputs for cooling as well as for medium preparation are considered. Besides, the main
contributors electricity, infrastructure, and fertilizer inputs represent a major share in the overall
LCA impacts.
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3.4.2 Scenario Resource Efficiency (Upscale and HTL)
Compared to the baseline scenario “Upscale”, the LCA results for the scenario “Upscale and
HTL” improved for all selected impact categories in different proportions (Figure 5). For
climate change, a reduction from 38.99 kg CO2 eq to 37.72 kg CO2 eq can be observed. The
absolute share of nutrients decreased from 4.7 kg CO2 eq (Upscale) to 1.7 kg CO2 eq. Since a
credit along the production process for the bio crude oil produced is applied, the definite value
on CO2 eq for the electricity consumption is reduced from 35.94 kg CO2 eq (Upscale) to 35.77
kg CO2 eq. However, the energy intense HTL process counterbalances this saving.

Figure 5: LCA results for 1-butanol production (Scenario Upscale and HTL)

The main pattern of contributors to the impacts remains the same. With a reduced contribution
of fertilizer, the impact in mineral resource depletion from nutrient production decreases from
16.9 % to 4.6 % (related to nutrient production). Although more energy is needed absolutely,
the savings concerning nutrients improve the overall results. Thus, the application of HTL
proved to be beneficial in environmental terms.

3.4.3 Scenario Energy Transition (Upscale, HTL and RE)
In the third scenario, the electricity supply was changed to the Norwegian mix while the heat
supply was changed to biogas from waste stream in a Norwegian setting. In this scenario, the
climate change impact decreased to an absolute value of 3.08 kg CO2 eq. Besides, the impacts
of infrastructure became more obvious in most impact categories and dominated the results,
while the pattern of contribution changed. For most impact categories, the results improved.
Nevertheless, the value for water depletion increased significantly (Figure 6).
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Figure 6: LCA results for 1-butanol production (Scenario Upscale, HTL and RE)

The absolute values of depleted water increased from 0.106 m³ to 0.23 m³ per kg of 1-butanol.
However, the ILCD methodology of accounting for water used in hydropower turbines is
considered as misleading. The characterization factor for “Water, turbine use, unspecified
natural origin, NO” is 0.000535 m3 water eq/m3, which drives the water depletion impact
category in the foreground system to about 48 %. The background system, which was not
affected by the exchange of the electricity mix, remained the same in terms of absolute values.
In literature, there is a wide discussion about the reliability of the methods and appropriate
dedication of water flows to impact categories, e.g. how the water used in turbines is considered.
[36] suggest to set turbined water to zero in the assessment, since there is no water consumption
within the spatial boundaries.

3.4.4 LCA-results of using 1-butanol in cars
The gasoline test fuel 1 (But45) is composed of 45%vol butanol and 55%vol gasoline. Gasoline
used is low-sulphur petrol. The gasoline test fuel 2 (But55) is composed of 55%vol butanol and
45%vol gasoline, with the same inputs for gasoline and butanol. Main characteristics of But45
and But55 fuels are presented in Table 8.

Table 4: But45 and But55 fuel properties from own calculations

LHV (MJ/kg)
Density (kg/m3)
Volume proportion Gasoline
(%)
Butanol
Gasoline
Mass proportion
(%)
Butanol
Fossil carbon content (% total carbon)

Butanol
33
0.810
0
100
0
100
0

But45
38.4
0.775
55
45
47
53
60

But55
37.4
0.782
45
55
57
43
50

Impacts generated in the transportation on 1 km with the different fuels assessed are shown in
Figure 6. For each fuel, the two driven cycles (WLTP and NEDC) are assessed. The ILCD
D6.3 LCA modelling
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method [2] has been used to assess potential environmental impacts. The selected impacts are:
climate change / freshwater eutrophication / land use / particulate matter / mineral, fossil and
renewable resource depletion / water depletion. Figure 6 presents the contribution of each
process to the various environmental impacts with a contribution analysis based on the step in
the Life Cycle (butanol / ethanol production, gasoline production and tailpipe emissions). Fuels
from microalgae (But45 and But55) are characterized by significantly higher impacts than other
biofuels (here E10 and E25) in all the assessed impact categories. Butanol production step is
the highest contributor in the But45 and But45 fuels, for all the assessed impacts. This step is
even higher than the overall contributions of the other fuels for all the impacts. The contribution
analysis of the butanol production step is extensively described in previous section 3.2. The
impacts increase with the proportion of butanol in the fuel. Another general pattern is the higher
impact of WLTC compared to NEDC. This is in line with results from European Commission
on CO2 emissions of light-duty vehicles [3]. This is due to both higher emissions and higher
fuel consumption per km (see Annex 1).
Two references fuels are assessed: E10 (90%vol gasoline and 10%vol ethanol) and E25
(75%vol gasoline and 25%vol ethanol). In both cases, gasoline used is low-sulphur petrol. Data
used is: “Petrol, low-sulfur {Europe without Switzerland}| market for | Cut-off, U”. Petrol is
one of the many coproducts of the refinery process in Ecoinvent, which delivers these other
coproducts: bitumen, diesel, light fuel oil, heavy fuel oil, kerosene, naphtha, propane/ butane,
refinery gas, secondary sulphur and electricity.
Ethanol is produced from sugar beet. Economic allocation is done between the three coproducts
ethanol, beets chips and vinasse of the multi output process ‘sugar beets, to fermentation‘. A
corrective term to compensate the carbon balance is also included, as the carbon content of the
coproduct is not proportional to the economic values. Data used is: “Ethanol, without water, in
95% solution state, from fermentation {CH}| ethanol production from sugar beet | Cut-off, U”.
Main characteristics of gasoline, ethanol, and E10 and E25 fuels are presented in Table 9.

Table 5: Gasoline, ethanol, and E10 and E25 fuel properties, from (ref) and own calculations

LHV (MJ/kg)
Density (kg/m3)
Gasoline
Volume
proportion (%)
Ethanol
Mass proportion Gasoline
(%)
Ethanol
Fossil carbon content
(% total carbon)

Gasoline
43.2
0.745
100
0
100
0
100

Ethanol
26.8
0.794
0
100
0
100
0

E10
41.4
0.75
90
10
89.4
10.6
93

E25
38.9
0.758
75
25
73.7
26.2
82

In line with the new Renewable Energy Directive proposition [6]for the period 2020-2030, no
Land Use Change (LUC) emission factor is included in the calculation of climate change impact
of first generation biofuels, even if the Directive (EU) 2015/1513 [7] recognizes that indirect
land- use change is capable of negating some or all greenhouse gas emissions savings of some
biofuels. However, research has shown that the scale of the effect depends on a variety of factors
(type of feedstock used for fuel production, the level of additional demand for feedstock
triggered by the use of biofuels…), and so single emission factors are not directly included in
the greenhouse gas emission calculation methodology. However, LUC emission factors are
proposed in this directive, to prepare for the transition towards advanced biofuels and minimize
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the overall direct and indirect land-use change impacts. Therefore, sensitivity analyses are
performed in section 3.4 to include the effect of LUC on climate change for bioethanol
production.

3.4.5 Comprehensive LCA-results (from well to wheel)
For the references fuels (E10 and E25), the impacts increase with the proportion of ethanol in
the fuel for freshwater eutrophication, land use, mineral, fossil and renewable resource
depletion and water depletion. On the contrary, the impacts decrease for climate change (due
to the climate neutral effect of biogenic carbon) and for particulate matter.

Figure 7: Comparison of impacts generated by 1 km transportation with the different assessed fuels

The comparison of technologies in different stages of development (here butanol from algae
vs. first generation ethanol and gasoline), can end up in incomplete analysis. In fact, most
reference technologies are mature and have been optimized over decades, while, low TRL
processes usually have higher impacts. However, a comparison between a low TRL CCU
technology and a high TRL reference technology still reveal valuable insights to guide
research. Furthermore, modelling approaches could be used to represent future systems when
data is not readily available [8]. Industry cost-curves [9], dynamic interaction simulations
with agent-based models [10] or models of innovation diffusion at macro and micro-level [11]
are some examples of approaches that have recently been explored. Most of current research
policies recommend the use of the LCA methodology at the early stages of development to
decrease the environmental impacts of future technologies. Therefore integrating specific
aspects related to emerging technologies (like data availability or rapid technology changes),
could be adapted to complete classic sensitivity analyses.

3.4.6 Focus on climate change
Climate change impact for the different fuels ranges from 139 g CO2eq/km (E25 NEDC) to 409
g CO2eq /km (But55 WLTP) and are presented on Figure 7:
- For microalgae fuels, values are between 338 g CO2eq /km (But45 NEDC) and
432 g CO2eq /km (But55 WLTP).
- Reference fuels (E10 and E25) range from 139 g CO2eq /km (E25 NEDC) to
169 g CO2eq /km (E10 WLTP),
- 100% fossil references [3] are 168 g CO2eq /km (NEDC) and 194 g CO2eq /km (WLTP).
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As in the global impact picture, microalgae fuel are hampered by the high share of climate
change impact due to the butanol production. However, due to the higher share of biofuel in the
microalgae fuels (45% and 55% compared to 10% or 25%), contribution of tailpipe emissions
are the lowest of the assessed fuels. Therefore improvements of the butanol production could
lead to important reduction of GHG emissions.

Figure 8: Climate change impact of the assessed fuels

3.4.7 Sensitivity analysis
Sensitivity analysis are performed on both reference fuels inputs and microalgae fuels inputs:
- For reference fuels (‘E10 and E25), two sensitivity analysis are done: the inclusion of
LUC emissions factors and the use of corn instead of sugar beet as feedstock for ethanol
production.
- For microalgae fuels (But45 and But55), the electricity mix was changed from European
grid mix to the highly renewable Norwegian grid mix
As the ranking of the fuels are the same for NEDC and WLTP driven cycles (Figure 7), these
sensitivity analysis are only presented for the WLTP driving cycle for the sake of clarity and
simplicity. Results on climate change with the inclusion of electricity mix from Norway, corn
feedstock for ethanol production and with the LUC emissions factors are presented on Figure 8.
•

LUC emission factors

As already pointed out, this study does not account for indirect land use changes; however
opposite to other biodiesel feedstock, it is very likely that algae production facilities will not be
installed on arable lands and hence will not create significant indirect land use changes. On the
contrary, considering indirect land use changes would probably increase climate change impact
[12] and biodiversity damages [13] of other first generation biodiesels. LUC emissions factors
values are taken from the REDII [6]: 13 g CO2eq /MJ for ethanol (feedstock group sugar beet
and corn here). Results are presented on Figure 8. The inclusion on LUC emissions factors has
no significant influence on the GHG emissions: only + 1.6% in E25 from sugar beet and + 2.8%
in the E25 from corn.
•

Ethanol production
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In the reference case studies, sugar beet is used as feedstock for the ethanol production. In this
section, ethanol is produced from corn, using data from the Ecoinvent 3.4 database [1]. Results
are presented on Figure 8. The use of corn instead of sugar beet has no significant influence on
the GHG emissions : only + 2% for E10 and + 6% for E25.
•

Electricity mix

Electricity mix has an important potential on the reduction of the upstream impacts of butanol
production, as it is presented in Figure 5. When focusing on climate change, the use of the
Norwegian electricity mix (around 30 g CO2eq / kWh) for the butanol production instead of the
European one (around 500 g CO2eq / kWh) leads to very strong reduction of GHG emissions:
But45 are reduced by almost 50 %, and But55 by more than 55%. Consequently, with a very
low carbon electricity source, But45 and But55 assessed fuels compete with the E10 and E25
reference fuels.

Figure 9: Sensitivity analysis on ethanol resource, land use change and electricity mix
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4. LCA for TFA production
The goal of the LCA on TFA production is to define, assess, and compare the environmental
impacts of biodiesel production with Nannochloropsis oceanica considering scenarios of
upscaled production in Green Wall Panel photobioreactor (GWP®) at different sites in Italy
(Tuscany and Sicily) to identify the ecological hot spots of the production processes. In Figure
10 a scheme of 1 ha microalgae cultivation plant with GWP is given.

Figure 10: Scheme of the 1 ha GWP®-II plant and process flow sheet (according to Tredici et al. 2016)

The LCA for upscaled production under different scenarioframeworks will give valuable
insights concerning the set up and implementation of large-scale algal biodiesel production and
the need to change socio-technical frame conditions to further improve the benefits from
microalgae.

4.1

System Boundaries and Functional Unit

The system boundaries of the 20 ha upscaled LCA, also referred to as the Baseline Scenario,
are shown in Figure 11. The upstream system includes algae cultivation and harvest with
centrifuges. The downstream system includes the process of cell disruption via homogenization,
the extraction of the total fatty acids (TFA), which include the triacylglycerols (TAGs)
applicable for biodiesel production, and solvent vaporization to obtain the final biodiesel
precursor. The conversion of the algal biodiesel precursor into the final algal biodiesel product
is considered to be outside the system boundaries of the present work. The LCA software used
to conduct this study was OpenLCA version 1.7 with unit processes selected from the LCA
database Ecoinvent 3.4 [11]. The functional unit of the LCA is defined as 1 kg TFA.
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Figure 11: LCA system boundaries for the Baseline Scenario of upscaled natural biodiesel production with Nannochloropsis
oceanica

4.2

Approach and Results of the Upscaling Process

To give greater perspective to the results, the 20 ha industrial plant was assigned to two different
geographical locations with different solar radiation and growth temperatures throughout the
year: Tuscany and Sicily, for which 240 and 330 productive days per year are assumed,
respectively. The TFA concentration within the algal biomass was assumed to be 50% at
industrial scale. It was estimated that a 20 ha industrial site would be able to produce 10.5 t of
TFA/ha/year in Tuscany and 15 t of TFA/ha/year in Sicily. In Table 6, these estimated yields
are shown with the hypothetical yield from the pilot reactor if it were at the same large scale as
the two prospective industrial plants.

Table 6: Productivity values for pilot reactor and 20 ha upscaled GWP® -PBR plants

Parameter

Unit

Pilot
reactor

Upscaled 20 ha plant
Location Tuscany

Location Sicily

Production
period

days/year

240

240

330

Productivity

t TFA/ha/year

9.4

10.5

15

4.3

LCA results

Using life cycle assessment, we quantified the environmental impacts from six impact
categories for an upscaled 20 ha algal biodiesel plant under three different scenarios (Baseline,
Resource Efficiency, and Energy Transition Scenario) and in two different locations (Tuscany
and Sicily). For the first time, data from a 28.1 m² Green Wall Panel® pilot reactor in which
Nannochloropsis oceanica was cultivated were used for upscaling and modeling a prospective
20 ha industrial plant. By implementing this new, scenario-based methodological approach, the
most important hotspots for internal technology, process development, and external political
settings of frame conditions were identified. Here the results for the three scenarios are given
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4.3.1 Baseline Scenario (Upscale)
The results of the Baseline Scenario demonstrate the large influence of infrastructure and
electricity in most categories (Figure 12). The infrastructure required for the prospective plants
(such as pumps, PVC pipes, GWP® chambers, etc. per year) in both locations is identical, but
as the productivity is greater in Sicily than in Tuscany, the impact of infrastructure per 1 kg of
TFA produced in Tuscany is greater because more infrastructure is required per kg of TFA.
However, more electricity is required for the Sicilian plant because the plant operates 90 days
more than the plant in Tuscany. Electricity is required for all pumps, the PLC system, blowers,
centrifugal harvesting, seawater recycling, cell homogenization, the three-phase centrifugal
separator, and the solvent vaporization for solvent recycling.

Figure 12: Process contribution to relevant environmental impact categories for the production of 1 kg TFA production with
Nannochloropsis oceanica for the Baseline Scenario

4.3.2 Scenario Resource Efficiency (Upscale and HTL)
The LCA results of the Resource Efficiency Scenario (Figure 13) show that for five of the six
ILCD impact categories, the HTL process is only beneficial if the yield is high enough to
counter the additional infrastructure and electricity required for the HTL process. The HTL
process allows for a significant reduction of nutrient input (63 % of N and 90 % of P are
recycled), thus decreasing the impacts in all categories at both sites. The inclusion of the
biocrude energy credit (2.18 kWh/kg TFA) also allows for a reduction in the electricity demand
and resulting impact. In the case of the Tuscany site, the electricity contribution to the impact
category of climate change decreased by 0.8 kg CO2-eq. from the Baseline Scenario. In
contrast, the infrastructure required for the HTL process increases the impacts slightly (e.g. an
increase of 0.09 kg CO2-eq. from the infrastructure processes in the climate change impact
category for the Tuscany site). Infrastructure and electricity are still the largest contributors for
most categories.
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Figure 13: Process contribution to relevant environmental impact categories for the production of 1 kg TFA with
Nannochloropsis oceanica for the Resource Efficiency Scenario

4.3.3 Scenario Energy Transition (Upscale, HTL and RE)
The LCA results of the Energy Transition Scenario (Figure 14) demonstrate the large influence
that a renewable electricity mix can have on a prospective system. The only change adapted for
this scenario from the Resource Efficiency Scenario is the change from the Italian electricity
mix to the Norwegian electricity mix, which was considered an example of renewable European
energy as 98 % of the electricity is produced via hydropower. The results show a significant
reduction of impacts related to electricity in all categories except for mineral, fossil, and
renewable resource depletion, as this category is largely impacted by nutrient input and not
electricity.
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Figure 14: Process contribution to relevant environmental impact categories of the production of 1 kg TFA with
Nannochloropsis oceanica for the Energy Transition Scenario

5. Conclusion
Applying Life Cycle Assessment provides valuable insight by quantifying the environmental
impacts of algal biofuel production either with natural microalgae such as Nannochloropsis
oceanica which are rich in TFA or genetically modified cyanobacteria Synechocystis PCC6803.
Our results contribute to the further improvement of the technologies and processes investigated
and to a new body of knowledge regarding the methodological approach as well as the results
based on data from pilot photobioreactors:
Starting from generic LCA models and LCA with data from pilot scale we performed
prospective LCA based on the developed systems upscaled to a size of 20 hectares and
embedded in three different scenario. By implementing the scenario-based methodological
approach, the most important hotspots for technology and process development, and external
political settings of frame conditions were identified. Since location is a crucial factor
determining the yield that can be achieved in phototrophic photobioreactors, for the TFA
production also two geographically different locations (Tuscany and Sicily) were assessed.
As showed by the LCA results, under more sustainable frame conditions, such as the nutrient
recycling as seen in the Resource Efficiency Scenario or a renewable electricity mix, as seen in
the Energy Transition Scenario, the environmental friendliness of natural biodiesel production
from microalgae as well 1-butanol production by genetically modified cyanobacteria can be
improved. These changes lead to an overall improvement respectively for large-scale
production under climate-favoured locations, such as in Southern Italy, as this location can
achieve higher productivities due to a longer productive period. Algal biodiesel production in
less optimal locations, such as in Central Italy, shows less promising results, as the yield is
lower and cannot compete with the additional energy and infrastructure required for the nutrient
recycling and energy credit. Furthermore, the adaptation of a renewable energy mix in the
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Energy Transition Scenario presented further reductions for both plant locations when
compared to the Baseline scenario. These results conclude that a high productivity system
would benefit from the adaptation of nutrient recycling, bioenergy credits, and renewable
energy. In general, this also applies for the process of 1-butanol production.
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Annex 1: Summary of combustion emissions
Fuel type

Gasoline

Diesel

Vehicule

Light duty

Light duty

Heavy duty

Source

CRF (Delivrable 5.2)

Volkswagen delivrable 5.1

Volvo

Blending

E10

Cycles

NE
DC
34

WL
TP
31

NE
DC
30

WL
TP
31

NE
DC
27

WL
TP
20

NE
DC
32

361

544

300

520

232

497

11

30

9

27

7

129

142

128

141

0,5

0,7

0,6

0,5

Emissi
ons

HC
(mg/k
m)
CO
(mg/k
m)
NOx
(mg/k
m)
CO2
(g/km
)
PM
(mg/k
m)
CH4
(mg/k
m)
SO2
(mg/k
m)
Consumption
(L/100 km)

5,6

E25

6,2

6,1

But 45

6,7

Reference

70/20/10

70/30

WL
TP
29

NE
DC
17

WL
TP
4

NE
DC
20

WL
TP
5

NE
DC
11

WL
TP
4

252

542

151

273

166

167

77

23

10

32

77

55

72

41

126

139

125

138

85

89

84

0,2

0,3

0,1

0,3

0,0
9

0,0
4

3

7,3

But 55

8

7,8

8,6

Refere
nce
VECTO
21

70/20
/10
VECT
O
21

70/3
0
VEC
TO
21

213

522

519

520

67

37

584

582

583

88

84

88

762

758

755

0,0
1

0,1

0

0

1,3

0,8

1,1

2

5

2

3

2

0

0

0

0,3
2

0,3
4

0,2
3

0,2
4

0,2
4

0,2
5

2,9

2,1

2,1

3,3

3,4

3,4

3,5

3,3

3,5

29

30

29

