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1. Introduction 
 

The production of Photofuel interacts with the environment through energy and material 

flows at every stage of their life cycle, from raw material extraction and acquisition, 

manufacturing, transportation, and distribution, all the way to use and maintenance, reuse and 

recycle, and, ultimately, disposal and waste management. Life Cycle Assessment (LCA) has 

emerged as the most objective tool available for evaluating the environmental profile of a 

product or process (International Organization for Standardization, 2006) and is the most 

widely used methodology to evaluate the environmental sustainability of a product. Most 

LCA applications are retrospective as they occur after commercial-scale production by large 

businesses and distribution to consumers according to laws set by regulatory agencies. Such 

analyses are useful for informing consumers and regulators about the environmental impacts 

of a product (e.g. carbon footprints and eco-labeling), but have limited ability to reorient 

technology trajectory because of temporal delays and large capital investments contributing to 

technology lock-in (Collingridge 1980). 

 

Qualitative approaches such as life-cycle thinking (Thabrew, Wiek, and Ries 2009) can 

provide useful heuristics early in R&D but lack the quantitative rigor of LCA. To address this 

shortcoming, prospective LCA employs modelling tools that require less accurate data sets 

and focus on potential environmental impacts arising from technologies and processes at an 

early stage of development when detailed information and data are not yet available in the 

desired quality. This is true for Photofuel since the definition of the type of microorganism 

(cyanobacteria or algae), the way in which the microorganism are cultivated (autotroph or 

heterotroph), as well as the composition of so called algal fuel precursors and the final 

Photofuel product is not yet completed but will be developed within the research project. 

Besides, there is a lack of comprehensive databases developed for algal fuel scenarios which 

can support LCA at an early stage. The uncertainties can be addressed by developing 

simplified or streamlined LCA for screening purposes. Despite the challenge to assess the 

environmental impacts from certain life cycle stages and material or energy flows at an early 

stage of technology development by simplified LCA (Todd and Curran, 1999; Koffler et al. 

2008) and the uncertainties about the early design embodiments (i.e., shape, component 

interactions) LCA is regarded as beneficial tool to assess the different Photofuel processes and 

to compare them with fossil references and fuel production based on non-modified algae. It is 

regarded as essential to address and consider carefully existing uncertainties with the 

simplified prospective LCA as well as the level of fidelity which can be maintained. 

The data for the LCA will be based upon information given by the partners in the Photofuel 

project. Therefore they are referring to rather small scale production units and process scales. 

However, an upscaling of the data to a industrial scale production unit envisaged. Therefore 

learning curves based on expert knowledge and comparable technology development as well 

as sensitivity analyses will be applied. By revealing the most relevant uncertainties and 

identifying chances for future improvement valuable information for further development can 

be provided and attention to potential future environmental impacts of Photofuel early in 

R&D can be addressed. This way, LCA on Photofuel processes has implications for decision-

making in research, industry and politics.  

Due to the available LCA expertise in the Photofuel consortium, the responsibility to perform 

the LCA of the different Photofuel processes is divided in two parts: 

- cultivation and harvesting (KIT) 

- fuel production and use (IFPEN) 
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The Photofuel processes are aiming for the direct excretion of engine-ready fuels or precursor 

substances by genetically modified microorganisms. After harvesting from the culture 

medium in the photobioreactor, the fuel precursors have to be upgraded before using them as 

substitute for fossil-based diesel or gasoline. Compared to other algae based fuel production 

processes, the Photofuel approach has the advantage that the microalgae or cyanobacteria can 

be grown under “chemostat” conditions, stimulating the excretion of the desired substances. 

Chemostat is referring to the physiological steady state growth conditions with constant 

environmental parameters being adjusted. Bioreactors operated as a chemostat have a 

continuous inflow, like nutrients and fresh culture medium (the feed) and outflow, such as the 

long chain hydrocarbons (the effluent) which enables a continuous production of engine-ready 

fuels or precursors. In this case there is no need to harvest the microorganism to obtain the 

desired substances. Instead only the precursors need to be separated from the culture medium 

in the bioreactor. Thus, the microorganism can continue to produce the precursors. Depending 

on the characteristics of the precursors they can be accumulated and removed from the system 

with the outflow.  

 

Against this background, it can be expected that the environmental impacts of the Photofuel 

process will be lower compared to  processes based on the harvest and extraction of algal 

biomass in batch mode operation which are characterized by a high energy and nutrient 

demand for cultivation and harvest (Collet et al., 2011; Jorquera et al., 2010; Lardon et al., 

2009; Razon and Tan, 2011; Stephenson et al., 2010). Whether this assumption is correct will 

be investigated by LCA of the Photofuel processes.  

 

2. LCA methodology 
 

The LCA method is used to quantify all relevant emissions and resources consumed, as well 

as the related environmental impacts associated with a product’s life cycle. The method takes 

into account the entire life cycle from the extraction of resources, through production, use, 

recycling to disposal of the remaining waste (Rebitzer et al., 2004). LCA standards ISO 

14040:2006 and 14044:2006 will be followed to assess the environmental sustainability of the 

algae production system (International Organization for Standardization, 2006). Additionally, 

the ILCD Handbook (JRC European commission, 2011) will be followed as it contains more 

detailed instructions and proceedings. 

 

The first phase of a LCA study represents the definition of the goal and scope of the study 

followed by a thorough inventory analysis, a life cycle impact assessment (LCIA) step and an 

interpretation phase. Figure 1 shows the general framework of a LCA. 
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Figure 1: LCA as a 4-phase process according to the ISO standards 14040: goal and scope definition, 

inventory analysis, impact assessment and interpretation (International Organization for Standardization, 

2006) 

 

For vehicles and fuels, generally a modified LCA approach is followed. A Well-to-Wheel 

(WtW) analysis is commonly conducted by investigating the production and use of one unit of 

fuel (usually 1 MJ), including raw material extraction, fuel production, and end use in a 

vehicle (Edwards et al., 2014; Wang, 1996). Like this, a WtW analysis will be performed, see 

Figure 2. The WtW analysis can be considered as partial LCA, as it does not consider energy 

and emissions involved in building facilities and the vehicles production, or end of life 

aspects. Compared to a classical LCA approach, the vehicle production as well as its 

recycling and disposal (end of life) is excluded (Edwards et al., 2014). The WtW analysis 

consists of two parts:  

 

- fuel production (Well-to-Tank – WtT) 

- vehicle use (Tank-to-Wheel – TtW)  

 

 

For the WtW analysis the default methodology is chosen according to the framework of the 

Renewable Energy Directive 2009/28/EC of the European Parliament and of the council of 23 

April 2009 on the promotion of the use of energy from renewable sources and amending and 

subsequently repealing Directives 2001/77/EC and 2003/30/EC, and more precisely the 

Annex V of this directive. Therefore, our study is largely considered as attributional LCA 

(Brander et al., 2008). A recent update of this Directive 2009/28/CE and of the Directive 

98/70/CE about fuel quality has been published as European Directive 2015/1513. We will 

follow the updates if relevant. Land Use Change (LUC) related matters will be assessed 

according to the RED methodology and an energetic allocation will be carried out.  
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2.1 Goal and scope 
 

Within the Photofuel context, the goal of the WtW analysis is to evaluate and assess the 

potential environmental impacts of the different Photofuels from genetically modified 

microorganism. The processes include the cultivation and the precursor production, the 

downstream production to a liquid energy carrier, and, finally, the fuel combustion in the 

automobile engine. The analysis of these steps represents a “Well-to-Wheel” approach 

(Figure 2). 

 

 
 
Figure 2: System boundaries for the Photofuel Well-to-Wheel analysis (source: KIT) 

 

In the Photofuel project, only conventional combustion engine powertrains are investigated, 

with new algae fuels. Only minor modification of the engines and vehicles are expected, and 

thus the environmental impacts of the engines with and without modification can be assumed 

similar. Therefore, the WtW analysis is applied. Besides, the impact of the vehicle product 

accounts typically around 10% of the life cycle CO2 emissions for passenger cars and is 

consequently disregarded for this study (source: Volvo).  
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The WtW design of the following three different Photofuel processes will be outlined: 

 

1. Chlamydomonas reinhardtii for the production of bisabolene  

2. Cyanobacteria Synechocystis sp.PCC 6803 for the production of n-butanol and isobutanol 

3. Cyanobacteria Synechocystis for the production of medium-chain alcohols and alkanes 

(iso-alkanes) and sesquiterpenes  

 

 

The Photofuel processes will be compared to other algae fuel pathways. Two comparison 

systems will be outlined which both are based on naturally occurring non-modified 

microalgae but are differing in the way the fuel or fuel precursors are obtained: 

 

1. Nannochloropsis sp. as lipid-rich specie for lipid production being processed to 

biodiesel. Nannochloropsis will be cultivated under stressful, nitrogen limited 

conditions and harvested completely. Then the biomass will be fractionated to extract 

the oil compounds for the transesterification to biodiesel. 

 

2. Botryococcus, which has the characteristics to provide naturally excreted 

hydrocarbons for the production of a diesel and gasoline blend.  

 

According to the fuel blend produced, fossil-based liquid fuels and biofuels will be considered 

as reference systems, in order to be able to compare the Photofuel systems to officially 

existing systems as they are referenced in European Directives. 
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Different experts within the Photofuel consortium work on various production steps, 

including the strain development, cultivation of the biocatalyst and fuel upgrading. The LCA 

is consequently based on the knowledge and data for each production step elaborated by the 

specific work packages. Therefore, the considered LCA system consists of six steps, including 

the production of the microalgae/cyanobacteria inoculum which is carried out at lab scale. 

After the high density inoculum is reached, it will be transferred to the outdoor cultivation 

system. The growth conditions of the microalgae/cyanobacteria culture will be monitored and 

adjusted to guarantee a continuous excretion of the fuel precursors and accumulation of 

excreted substances. The harvesting step is achieved in a simultaneous input of fresh medium 

and separation and concentration of the algal purge. 

Depending on the characteristics of the precursors and after the specification of the fuel 

matrix, an upgrading and a blending step of the fuel is required. Finally, the algae based fuel 

blend will be distributed to the gas station network and used in a vehicle engine. The 

performance of the algae fuel will be compared to those of the defined reference fuel systems 

based on the functional unit.  

A scheme of the production system is presented in Figure 3. Detailed schemes of the different 

Photofuel processes can be found in section 2.2.1. 

 

 

 
 

 

Figure 3: Schematic overview of the Photofuel process and steps 

 

2.2 System and system boundaries 
 

The system boundaries are determined according to the defined goal of the LCA. Here, the 

availability, scale and quality of the required data and its suitability for prospective LCA have 

to be taken into account. The system boundaries represent the interface of the environment 

and other product systems. They define which procedures are included in or excluded from 

the analysis. As the Photofuel life cycle processes are divided in two parts, the following 

paragraphs describe the work, which will be done according to KIT and IFPEN tasks. 
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2.2.1 Fuel precursor production 
 

Two main steps represent the precursor production phase: the cultivation and the harvesting 

and separation process. Here direct inputs such as materials (chromium steel, fertilizer e.g. 

urea) and energy are included.  

 

Generally, all directly used equipment will influence the life cycle inventory. Short and long 

distance transport processes e.g. via pumping and road transport to other system units, i.e. to 

the refinery, will be considered. However, construction processes, e.g. melting of plastics to 

form the reactor, the casting of the concrete plate to build up the reactor or assembling of 

reactor compartments will be excluded, due to their minor contribution to the overall 

environmental impacts.  

For the cultivation of the biocatalyst an inoculum culture will be prepared in a lab. Equipment 

used, such as glass flasks and stirrers will be considered as well as the energy needed e.g. for 

lighting, mixing and the supply of a carbon source and nutrients. After upscaling, the culture 

will be transferred to the outdoor cultivation reactor for which main materials will be taken 

into account. For the consecutive transport of the culture as well as for continuous mixing, the 

energy consumption is considered e.g. for compressors or pumps. Harvesting will occur as the 

precursors accumulate in the culture broth. In order to keep the metabolism of the 

microorganism in a steady state, continuous inflow of medium with simultaneous outflow of 

precursor is required. 

 

 

Pathways of the precursor production 
 

The schemes of three Photofuel processes are given in Figure 4, 5 and 6. It is foreseen that the 

best performing process will be upscaled and investigated in a large scale production unit with 

a volume of 5 m
3
.  

In the LCA, three different processes are regarded, but an in-depth analysis with sensitivity 

analysis will be conducted only for the selected most promising Photofuel process 

demonstrated at large scale. The three potential Photofuel processes are described briefly in 

the following. 

 



 

D6.1 LCA design of Photofuel processes  page 11/21 

a) Chlamydomonas reinhardtii for the production of bisabolene 
 

At Bielefeld University the scientists work on genetic engineering of Chlamydomonas 

reinhardtii, an eukaryotic singular cell green algae, for the production of bisabolene 

synthase (see Figure 4). Bisabolene will serve as a precursor substance for an algae-

based diesel. Anti-fouling substances have to be added to the culture broth for the 

large scale cultivation. An agar plate with the parental culture will be transferred to the 

cultivation unit. From the inoculum produced in the lab the cultivation of the algae in 

the photobioreactor will initialized. When the chemostat phase is reached, the system 

is designed with a continuous fertilizer input and fuel separation to maintain a 

persistent production. Data for the cultivation and harvesting part of the LCA will be 

provided by Bielefeld University, A4F and Imperial College, data for fuel upgrading 

and fuel testing from Neste, VW and IFPEN. 

 

  
 

Figure 4: Process flow of the Photofuel bisabolene production 
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b) Synechocystis sp. for the production of butanol 
 

The consortium partners from the Uppsala University will develop the Cyanobacteria 

Synechocystis sp. PCC 6803 strain for the production of n-butanol and isobutanol. 

Synechocystis is a genus of unicellular, freshwater cyanobacteria which is capable of 

both phototrophic growth by oxygenic photosynthesis during light periods and 

heterotrophic growth by glycolysis and oxidative phosphorylation during dark periods. 

The target substances of Synechocystis serve as precursors for the downstream 

gasoline production. Data required for the LCA from the lab production and 

cultivation will be collected (see Figure 5). 

 
 

  

 

Figure 5: Process flow of the Photofuel butanol production 
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c) Synechocystis for the production of alkanes and sesquiterpenes 
 

At the Imperial College the cyanobacteria Synechocystis is genetically modified in order 

to produce alkanes (iso- and n-alkanes) and sesquiterpenes (fuel precursors). Small scale 

production occurs under lab conditions and precursor production in the outdoor cultivation 

system (see Figure 6). 

 

 
   
Figure 6: Process flow of the Photofuel alkane and sesquiterpene production 
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2.2.2 Downstream LCA on fuel production and use 
 

Description of the downstream LCA on fuel production and use 
 
Fossil references will be chosen according to the several pathways studied for the bio-based 

part in the project, in relation to the transport field. Bio-based reference pathways will also be 

chosen according to their relevance in comparison of the chosen pathways in the project. 

References, fossil or bio-based, will be taken in a transportation context. A state of the art 

LCA regarding the existing references will be performed. The blends and its splits will be 

discussed after the pathways are selected. For the use phase analysis representative duty 

cycles and reference vehicles will be selected for LDV and HDV operation, and 

corresponding fuel consumption data, typical emissions etc. will be provided by the vehicle 

manufacturers.  

 

2.3 Functional unit 
 

The functional unit for the cultivation and harvesting part of the LCA conducted by KIT is 

defined as “one kg of precursor substance”. The data and results referring to this unit will 

facilitate the exchange of information between the LCA working groups at KIT and IFPEN, 

being responsible for the LCA on fuel production and use. 

 

The final functional unit will refer to the energy content of the Photofuel and is defined as 

“the use of 1 MJ of fuel in a LDV/HDV during a defined cycle, from the production of the 

fuel to its use.” 
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2.4 References and comparison systems 
 

The Renewable Energy Directive (RED) 2009/28/EC will be applied to assess the biofuel 

pathways. For conventional fuel references, the European Directives will be followed. 

For blended biofuels the Fuel Quality Directive (FQD) 2009/30/EC will allow to assess an 

solid assessment. Additionally, classical algae fuel systems will be evaluated in comparison to 

the Photofuel processes. 

 

1. Biofuel references:   RED value: 83,8 g CO2 eq. / MJ for pure biofuels 

FQD value: 94,1 g CO2 eq. / MJ for blended biofuels 

 

2. Fossil reference:   100% fossil based 

 

3. Algae:    Nannochlorpsis oceanica (biomass  lipids biodiesel) 

Botryococcus braunii (excreted oil  gasoline + diesel) 

 

 

The non-genetically modified algae and cyanobacteria strains will be cultivated at the 

University of Florence in Italy. The lipid rich algae strain Nannochloropsis oceanica and 

Botryococcus braunii which is naturally excretes hydrocarbons. The exuded Botryococcus 

braunii oil will be hydrocracked to smaller molecules and divided by distillation to a gasoline 

and diesel fraction (Figure 7 and Figure 8). 

. 

 

 
 

Figure 7: Process flow of biodiesel production with Nannochloropsis oceanica 
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Figure 8: Process flow of gasoline production with Botryococcus braunii 
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2.5 Life cycle inventory 
 

Data for the upstream life cycle inventory will be collected using a questionnaire which has 

already been developed by KIT and distributed to the partners in the project. 

 

The data collection for the downstream part will be performed by IFPEN in time with the 

related WP4 and WP5. In close contact with the pilot operators from the large scale 

cultivators A4F and University of Florence the spreadsheet will be further adapted to the 

specific system of the facility. Additionally, interviews will be conducted to deduce und 

upscale data. Specifications for operating supplies like fertilizer and cleaning substances as 

well as material volumes will be provided according to the experimental setup translated to a 

one year baseline.  

 

Information from all systems studied in the Photofuel project will be used, on the different 

scales that the work is performed. The LCA results will then be upscaled so that an estimation 

of large scale production plant can be done.  

 

Some essential data needed for upscaling is listed here. In particular a close collaboration is 

needed to elaborate learning curves on the Photofuel precursor production (WP2) and 

upscaling to large scale plants (WP3).   

 

WP2 Biocatalyst development input data: 

Efficiency of the targeted output chemical in mg/g, cultivation medium per day, light intensity 

provided, electricity, demand, CO2 uptake, organic waste, nutrient addition, water and buffer, 

chemicals additions and other materials (construction), waste water, emissions,  

 

WP3 Upscaling of cultivation: 

Land use, light intensity for the chosen location, heat demand, electricity demand, materials in 

cultivation facility, water demand, nutrient demand, chemicals consumption, waste water, 

emissions  

 

WP4 Upgrading of fuel: 

Efficiency, co-products, heat demand, electricity demand, materials (equipment) 

 

WP5 Engine testing: 

Fuel efficiency simulation based on engine map determined in the test, emissions, etc. 

 

Materials will be recalled from the database with their impacts specified as “at plant”. For 

data validation the results from other large scale microalgae projects and also recent literature 

will be reviewed and analyzed. For the LCA model the main materials will be recalled from 

the ecoinvent 3.2 database (www.ecoinvent.org). 

 

As energy is a hotspot for microalgae and cyanobacteria production, we will use by default 

the RER processes for materials and the electricity category as the market of electricity (on a 

European baseline, RER). 

. 

The cut-off system models will be applied, meaning that primary (first) production of 

materials is always allocated to the primary user of a material. If a material is recycled, the 

primary producer does not receive any credit for the provision of any recyclable materials. As 

http://www.ecoinvent.org/


 

D6.1 LCA design of Photofuel processes  page 18/21 

a consequence, recyclable materials are available burden-free to recycling processes, and 

secondary (recycled) materials bear only the impacts of the recycling processes. This 

approach has been used as default method in the former versions of the database.  

 

 

2.6 Life cycle impact assessment method 
 

For this LCA study the open source software OpenLCA is applied to model the production 

chain in a Well-to-Wheel analysis and to get the complete inventory dataset on which the 

impact assessment is based.  

 

For quantifying the life cycle impacts, the recommendations of the ILCD Handbook 2011 will 

be followed. This impact assessment method, developed and promoted by the JRC European 

commission (2011) is already implemented in the OpenLCA software. On a European level, 

the ILCD handbook was developed to frame a general structure and requirements for LCA. It 

supports the correct use of the characterization factors for impact assessment as recommended 

in the ILCD guidance document (JRC European commission, 2011). It includes LCIA model 

requirements as well as indicators and recommendations. The framework is consistent to 

international standards (JRC European commission, 2011). An overview of the 16 midpoints 

impacts categories considered in the ILCD are given in Table 1.  
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Table 1: Impacts on midpoint level based on the ILCD Handbook  

 
 

Only the midpoint categories classified as “I”, which deliver recommended and satisfactory 

results, will be selected and assessed among impact categories listed above. This classification 

is valid for climate change, ozone depletion and particulate matter formation. New 

characterization factors released by IPCC in 2013 will also be taken into account for the 

assessment. 

Additionally, the ReCiPe 1.11 method which covers a broad range of environmental impacts 

will be applied to complement the ILCD midpoint categories that are only poorly classified or 

where no impact assessment method is reported. 

  

 

 

Impact category deflaut LCIA method Indicator

Climate Change ILCD 2011: Baseline model of 100 years of IPCC
Radiative forcing as Global Warming 

Potential (GWP 100)

Ozone Depletion
ILCD:2011: Steady-state ODPS 1999 as in WMO 

assessment
Ozone depletion Potential (ODP)

Human toxicity, cancer effects USEtox model (Rosenbaum et al., 2008)
Comparative Toxic Unit for humans  

(CTUh) 

Human toxicity, non-cancer effects USEtox model (Rosenbaum et al., 2008)
Comparative Toxic Unit for humans  

(CTUh) 

Particulate matter/Respiratory 

inorganics 

RiskPoll model (Rabl and Spadaro, 2004) and Greco 

et al. 2007

Intake fraction for fine praticles (kg 

PM2.5-eq/kg)

Ionising radiation, human health
Human health effect model as developed by Dreicer et 

al. 1995 (Frischknecht et al. 2000)

Human exposure efficiency relative 

to U235

Ionising radiation, ecosystems No methods recommended

Photochemical ozone formation
LOTUS-EUROS (Van Zelm et al., 2008) as applied in 

ReCiPe

Topospheric ozone concentraion 

increase

Acidification
Accumulated Exceedance (Seppälä et.al., 2006, Posch 

et al., 2008)
Accumulated Exceedance (AE)

Eutrophication, terrestrial 
Accumulated Exceedance (Seppälä et.al., 2006, Posch 

et al., 2008)
Accumulated Exceedance (AE)

Eutrophication, aquatic
EUTREND model (Struijts et al., 2009b) as 

implemented in ReCiPE

Fraction of nutrients reaching 

freshwater end compartment (P) or 

marine end compartment (N)

Ecotoxicity (freshwater) USEtox model (Rosenbaum et al., 2008)
Comparative Toxic Unit for humans  

(CTUe) 

Ecotoxicity (terrestrial and marine) No methods recommended

Land use
Model based on Soil Organic Mater (SOM) (Milà i 

Canals et al., 2007b)
Soil Organic Matter

Resource depletion, water
Model for water consumption as in Swiss Ecoscarcity 

(Frischknecht et al., 2008)

Water use realted to local scarcity of 

water

Resource depletion, mineral, fossil 

and renewable (Depletion  of  

renewable  resources  is  included  

in  the  analysis  but  none  of  the  

analysed  methods  is  mature  for 

recommendation)

CML 2002 (Guinée et al. 2002) Scarcity

 Midpoint applications
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2.7 Interpretation 
 
According to the ISO 14040 (International Organization for Standardization, 2006) an 

interpretation phase of the results of the preceding steps is crucial to guarantee a target 

product development and improvement, to maintain a strategic planning, to give 

recommendations for policy makers, but also for marketing and other purposes. Within the 

Photofuel project the interpretation of the results will be fed back into the process to support 

the further development of sustainable fuels from genetically modified microorganism. 
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