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Summary 
Energy balance of large-scale and small-scale scenarios of macroalgae harvesting for 
biogas production was assessed from the energy balance perspective.  Evaluation was 
based on primary energy Input Output (IO) ratio where all primary energy inputs into the 
stages of the process life-cycle were summarized and divided by the final energy output 
from the system. Estimations were made for three cases of possible methane yield from 
macroalgae as well as for different scenarios of macroalgae co-digestion with other 
feedstock.  Anaerobic digestion of macroalgae as a single substrate both on a small- and 
large-scale is energy efficient only in case when their methane potential is at the average 
or high level with the IO ratio of 0.47 and 0.32 correspondently.  In general co-digestion 
with other substrates is more preferable with respect to process condition and energy 
balance. Large-scale scenario is more stable and efficient than small-scale with the 
lowest IO ratio for co-digestion with crops. This is explained by the fact that biogas plant 
operation is among the most energy demanding stages which on the small-scale requires 
about 65 % of the input energy when this number for large-scale plant does not exceed 
28 %.  Energy inputs into digestate handling, feedstock pre-treatment and biogas 
upgrading, that are next most energy consuming stages, is greatly affected by the 
assumptions made about amount of substrate, produced biogas and transportation 
distance.  When considering the maximal distance between macroalgae harvesting point 
and biogas production site and to which at which the energy balance remains positive 
then digestate handling becomes the most energy demanding process stage.    
 
Key words: Baltic Sea, macroalgae, biogas, energy balance, life cycle assessment.  
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 Symbols/Abbreviations 
CHP  - combined heat and power plant 
 
DM  - dry matter 
 
IO  - energy input/output  
 
LS  - large-scale scenario 
 
SS  - small-scale scenario 
 
VS  - volatile solids 
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Introduction 
The Baltic Sea is a unique marine environment with a drainage area that is four times 
greater than the sea itself. The salt water from the North Sea inflows through narrow 
straights between Denmark and Sweden while more than 200 rives from 14 countries 
bring fresh water into the sea (Thulin and Andrushaitis, 2003). This conditions the 
uniqueness of the Baltic Sea as the largest brackish water body in the world. Due to 
vertical deposition of water layers and limited exchange of water with the North Sea the 
total exchange of water masses occurs in 30 years (Thulin and Andrushaitis, 2003). This 
makes the ecosystem vulnerable to adverse environmental impacts resulting in 
accumulation of toxins and nutrients that leads to severe eutrophication of the Baltic Sea 
(Gröndahl, 2009; Ryden, et al., 2003). 
 
The densely populated drainage area with extensive agricultural activity put a large 
nutrient load on the water body. This stipulate an intensive algal bloom followed by 
oxygen depletion and disturbances in marine ecosystem functioning. Thus 
eutrophication became one of the major problems of the Baltic Sea that requires both 
long-term and short-term measures to address the problem (Gröndahl, 2009). Many of 
these measures that have been already initiated or planed directed on recovery of 
biomass (macroalgae, reed) that grows under eutrophic conditions. The removed 
biomass could be also considered as valuable natural resource, suitable for production of 
alternative products (energy, fertilizers etc.). Thus removal of biomass would facilitate 
reduction of nutrient flows thereby addressing the eutrophication problem and 
sustainable utilization of natural resources (Gröndahl, et al., 2009). 
 
The Trelleborg Concept is one of such initiative (Müller, 2008). The Municipality of 
Trelleborg, located on the south of Sweden, has an open coast that is constantly exposed 
to effect of eutrophication. Here, seaweed and macroalgae that accumulate in coastal 
waters and on the beaches are an increasing threat to biological diversity and at the 
same time are the cause of environmental nuisance hampering usage of area for tourism 
and recreation (Müller, 2008). A solution of the problem, embodied in Trelleborg 
Concept, is to collect the biomass accumulated in the shallow waters and on the beaches 
for biogas production. Thus, utilization of recovered biomass for energy may have 
positive environmental effect through prevention of eutrophication and reduction of CO2 
emissions.   
 
Efficiency and feasibility of these initiatives from the perspective of sustainable use of 
natural resources depends on many factors that is necessary to take into account before 
application of methods in practice. Thus social, economic and ecological aspects that are 
related to every step of the process from “cradle-to-grave” is necessary to investigate 
and assess.  
 
The main purpose of this work is to assess the sustainability of macroalgae harvesting for 
biogas production from the life-cycle energy balance perspective. The Energy Balance 
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which is also called energy Return on investment (EROI) is “the ratio of how much energy 
is gained from an energy production process compared to how much of that energy (or 
its equivalent from some other source) is required to extract, grow, etc., a new unit of 
the energy in question” (Murphy and Hall, 2010). The input and output energy is usually 
expressed in the same units, so the derived ratio is dimensionless. To get these common 
units for net energy analysis the spent and gained energy is converted into primary 
energy units. This implies that a ratio is presented as Joules of process yields to an 
investment of Joules (or Kcal per Kcal or barrels per barrel, etc.) (Murphy and Hall, 
2010). 
 
According to definition of UN, the Primary Energy is “energy that is used to designate 
those sources that only involve extraction or capture, with or without separation from 
contiguous material, cleaning or grading, before the energy embodied in that source can 
be converted into heat or mechanical work.” while “Secondary energy should be used to 
designate all sources of energy that results from transformation of primary sources” 
(Øvergaard, 2008). The primary energy is useful in energy planning or comparison when 
it is necessary to evaluate the energy balance of two alternative systems taking into 
account the losses (conversion, transmission, distribution) at the conversion systems.  
 
The concept of primary energy for evaluation of efficiency of energy production systems 
was earlier used in the works by Berglund and Börjesson (2006) and Pöschl, et al. (2010).  
In the first case authors evaluate energy balance of various biogas systems from life-cycle 
perspective and define the most important factors that affect efficiency of the system 
considering different substrates for anaerobic digestion (Berglund and Börjesson, 2006). 
Pöschl, et al. (2010) evaluates the energy efficiency of different biogas production and 
utilization pathways as well as waste management strategies (Pöschl, et al, 2010). Unlike 
the previous example, the emphasis is made on different multiple feedstock co-digestion 
scenarios and various energy conversion systems for biogas utilization while in the first 
case the assessment was made for individual raw material and not for the specific biogas 
production system. The results of these studies make a good background for this study. 
However, the above mentioned studies consider the biogas production system based on 
common substrates such as crops, manure, household and slaughter house waste, and 
do not consider the marine biomass for anaerobic digestion as it is in this study case.    
 
Results showing the net energy benefit from utilization of macroalgae and reed for 
biogas production could be found in Gröndahl, et al. (2009). In the case study the energy 
potential of mentioned substrates was estimated based on the methane yield obtained 
during anaerobic digestion. The results show that reed has the highest net energy 
benefit followed by macroalgae thus making them suitable for further consideration as a 
viable substrates for biogas production. Information presented in the mentioned study is 
partially based on results found in Karlsson (2009) where evaluation of algae, reed and 
mussels harvest with respect to efficiency of nutrients reduction and potential as 
substrates for biogas production from an energy balance perspective was performed. In 
the work the assessment of energy balance was also made from life-cycle perspective. 
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However, mentioned study haven’t addressed all steps that could be included in life-
cycle of biogas production such as substrate storage, digestate handling, biogas 
utilization and upgrading and based results on different methodology. Thus, energy 
balance was calculated by subtraction of energy demand from energy benefits. Unlike 
the mentioned work, in the present case study the system boundaries for energy balance 
analysis is expanded and ratio of energy input into each step of production process with 
respect to energy output from the system is presented.  
 
Thus, present study includes evaluation of primary energy flows during harvesting, 
pretreatment and transportation of raw material, operation of biogas plant, biogas 
upgrading and utilization in energy conversion systems as well as during waste 
management operations.  The energy balance is presented as a ratio between the energy 
inputs to the system to its net energy output. The input data is derived from published 
materials and relates to condition in Sweden.  The energy efficiency of two scenarios of 
macroalgae harvesting (large-scale and small-scale) is evaluated giving the notion about 
potential sustainability and perspectives of these options. Results of the assessment 
could show the potential for large-scale and small-scale macroalgae harvesting as a 
substrate for biogas production. The study also gives an understanding of which pathway 
of biogas production and utilization is more beneficial from energy balance perspective.    
 

1.1. Aim 
The aim of this work is to estimate the primary energy balance of biogas production 
from macroalgae harvested in the Baltic Sea and to show how small-scale and large-scale 
scenario of harvesting will affect the net energy output from biogas system. 
 

1.2. Methodology 
The feasibility of two scenarios of macroalgae harvesting for biogas production is 
evaluated from the energy balance life-cycle perspective. Thus, the energy demand at 
every stage of the production process (macroalgae harvesting, transportation, pre-
treatment, storage, biogas, production and digestate treatment) is compared to the final 
amount of energy obtained from biogas and used for district heating or as a vehicle fuel 
(Figure 1.1).  
 

 

 
Figure 1.1. Life-cycle stages of the biogas production process from macroalgae 
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As it was mention earlier the net energy analysis of a system is usually done by relation 
of usable acquired energy gained from an energy source to amount of energy expended 
to produce this source. However, in the given work the result of evaluation is presented 
as the primary energy input/output (IO) ratio and is calculated from the following 
equation: 
 = ,               (1) 

 
This allows to compare the results of the given work with other similar studies where 
primary energy analysis is presented as a ration of energy input to output (Berglund and 
Börjesson, 2006; Pöschl, et al, 2010). 
 
The energy input is mainly accounted to amount of fuel, electricity and heat that is used 
to support the process. To convert the values of spent fuel or electricity/heat into 
Primary Energy (PE) units the conversion factor (k) that defines the energy content of 
material expressed in Mega joules (MJ) per unit of the material is used. Conversion is 
performed according to the following Equation: 
 = ,                  (2) 

 
where, PE [GJ/year] is the amount of primary energy required for the process per year. E 
[l/year, m3 CH4/year kWh/year] is the amount of diesel fuel, biogas, electricity or heat 
input into the process in one year. k [MJ/unit of material] is the conversion factor. The 
value of conversion factor is specific for each type of material and is represented in 
Appendix I. 
 
In this case study calculations of primary energy input output (IO) ratio is performed with 
respect to amount of macroalgae that could be harvested and used in one year. This 
means that harvested material and hence the energy for its treatment and utilization is 
going to be used at the biogas plant during one year of operation. That is why it is 
reasonable to express the PE values in GJ/year. 
 
Harvesting. 
To calculate the amount of diesel fuel that is used by wheel loader to collect the total 
amount of macroalgae the following Equation is used: 
         = m,                 (3) 

 
where, Eh [l/year] is the amount of diesel fuel necessary for collection of annual amount 
of algae. Qx [t/year] is the amount of substrate that could be collected and used during 
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one year of the production process. Correspondently Qa is a total amount of harvested 
macroalgae and Qc, Qh and Qr – amount of crops, household wastes and reed calculated 
below. ι [t/hour] is the loading capacity of a wheel loader per hour. m [l/hour] is the disel 
consumption of a wheel loader per hour of work. 
 
When the result obtained in Equation 3 is used as input into Equation 2 the primary 
energy input into the harvesting step (PEh) of biogas production life-cycle is given.  
 
Transportation. 
The amount of transportation fuel necessary to deliver the harvest from collection to the 
storage point is defined by Equation 4: 
           = ( + ) εN,              (4) 
 
where Et [l/year] is the amount of diesel fuel necessary for transportation of material 
from collecting to the storage place. nf [l/km] is disel consumption by full-loaded 40 t 
truck. ne [l/km] is disel consumption by empty truck. ε [km] is the distance from 
collection to storage place. N [routs/year] is a number of routs to transport the whole 
harvested substrate by one vehicle. 
 = ,                 (5) 

 
where σ [t/rout] is the amount of material that could be transported by truck per one 
rout.  
 
Ensiling. 
Energy input into ensiling step is accounted to amount of diesel fuel that is spent during 
preparation of feedstock and formation of round bales of silage and calculated by 
equation 5. 
 

PEe = QaDMθ,               (6) 
 
where, PEe [GWh/year] ia the primary energy input into ensiling operations. DM [%] is 
the content of dry matter in the wet weight of macroalgae. θ [MJ/t DM] is energy 
demand for ensiling operation per unit of feedstock. 
 
Pre-treatment. 
The pre-treatment operation requires input of electric energy to run the grinding and 
sand washing equipment that defined by Equation 5: 
         = e,                 (7) 
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Ep [kWh/year] is the energy input into the pre-treatment operations. e [kWh/t DM] is an 
average electricity demand for pre-treatment operations per ton of dry matter of 
substrate. 
 
Within the frame of the developed scenarios different options for macroalgae co-
digestion with other substrates such as reed, manure, household wastes and crops are 
considered. In order to facilitate the comparison of different alternatives the energy 
demand for harvesting, transportation, ensiling and pretreatment of mentioned 
substrates was also used. Thus, the energy demand for harvesting – pretreatment 
operations of reed was calculated using the same equations as for macroalgae (3-6), 
while the primary energy input for the same operations in case of manure, household 
wastes and crops, was taken directly from the literature (Berglund and Börjesson, 2006) 
and are represented in Appendix I. 
 
Biogas plant operation.   
The energy necessary to support stable operation of the digesters at the biogas plant is 
supplied in the form of electricity and heat and depends on plant configuration, process 
condition and amount of susbstrate used in anaerobic digestion. The amount of input 
energy to this step is defined by Equation 8: 
         =  ,                (8) 

 
where, PEo [GJ/year] is the amount of primary energy necessary to support the biogas 
plant operation.  h [MJ/t] is heat demand for plant operation. λ [MJ/t] is electricity 
demand for plant operation per ton of substrate. 
 
Biogas upgrading. 
One of the options for biogas utilization in large-scale scenario is to upgrade it up to 
biomethane and use as a vehicle fuel. Depending on upgrading method the process 
requires different amount of energy and followed by certain amount of methane loss. 
Calculation of the process energy demand and losses is performed according to the 
following Equations:  
 = ,                 (9) 
 
Eu [kWh/year] is energy demand for upgrading the produced amount of biogas to 
biomethane. B [m3 biogas/year] is amount of biogas produced. ρ [kWh/m3 biogas] is 
energy input for upgrading one unit of biogas. 
 = .                       (10) 

 
where, Ea [m3 CH4/year] ia the amount of methane produced on the large-scale. 
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         = ,                      (11) 

 
where, PELS [GJ/year] is the amount of primary energy embodied in methane produced 
on a large-scale. 
 =  ,                      (12) 

where, El [m3 CH4/year] is the amount of methane that is lost during upgrading 
operation. υ [%] is percentage of methane loss during upgrading operation. 
 
Cd removal 
To clean the digestate from cadmium, accumulated in macroalgae, and make it suitable 
for application on arable land different techniques on purification of heavy metals in 
waste waters and sewage sludge could be applied. Among these methods only ion 
exchange and absorption were performed on laboratory scale for macroalgae substrate 
purification (Davidsson, 2008). Since no reliable data regarding energy consumption by 
these processes are found it is assumed from the process technology (Fu and Wang, 
2010) that these techniques are more chemicals intensive rather than energy. In this 
case energy consumption during Cd removal by ion exchange and absorption can be 
neglected in calculations of energy balance. However, for the sake of comparison with 
other possible solutions of the problem we can assume that other methods that are also 
rather efficient in cadmium removal (membrane filtration) (Fu and Wang, 2010) but are 
much more energy intensive could be used. In this case the energy requirement for this 
process step is calculated by Equation 13: 
 = ,                      (13) 

 
where, Ecd [kWh/year] is the energy required for cadmium removal process. τ [t/m3 year] 
is density of macroalgae harvested. ω [kWh/m3] is energy consumption by the process 
per unit of substrate. 
 
Digestate treatment      
In order to use a digestate as fertilizer on arable lands or as soil improve for energy forest 
plantations it should undergo different treatment procedures prior to be transported to 
the place of spreading. To account the energy input into all these stages the following 
equation is used: 
 = ( ),                     (14) 

 
where, PEd [GJ/year] is primary energy input for digestate treatment process. χ [MJ/t] is 
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energy input into drying operation per ton of digestate. γ [MJ/t] is energy input into 
digestate loading operations per ton of digestate. α [MJ/t] is energy input into spreading 
operation per ton of digestate. ν [MJ/t km] is energy input for transportation of one unit 
of digestate on unit of distance. 
 
Biogas production 
The amount of biogas output within small- or large-scale scenario depends on plant 
capacity and configuration, methane potential of substrate, its content of volatile solids 
(VS) and co-digestion scenario. Thus, for small-scale scenario the amount of methane 
that could be obtained at the biogas production plant with known working volume of 
digesters is calculated according to the following Equation: 
 = ,                       (15) 
 
where, ESS1 [m3 CH4/year] is amount of methane produces on the small-scale from the 
single substrate (macroalgae). V [t VS/year] is amount of organic matter loaded to the 
digester per year. ξ [m3/t VS] is methane yield per unit of organic matter. 
 = 365,                       (16) 

 
where, δ [kg VS/m3 day] is load of organic matter to digester. β [m3 ] is the digester 
volume. 
 
Equation 15 also used for calculation of energy output from co-digestion of macroalgae 
and manure giving the amount of methane (ESS2) that is possible to obtain from the co-
digestion per year.  
 
Unlike the small-scale scenario in the large-scale scenario no existing plant was used as a 
case study. Thus, in this case a hypothetic biogas plant that is planned by EON company 
in Jordberga (Cedervall, 2009) was taken as a case study. For calculation of methane yield 
(Ea) from single substrate as macroalgae, harvested on a large-scale, Equation 15 was 
used. Substituting the value of Ea into Equation 2 the amount of primary energy that 
could be produced from this substrate (PELS4) on a large-scale is calculated. Here the 
planed capacity of the plant which should give 330 GWh/year of energy was not 
considered. These estimates are made only to find out how much energy could be 
obtained from digestion of the whole amount of harvested algae.  
 
The possible methane yield and thus primary energy output from co-digestion of 
macroalgae with other substrates is calculated taking into account the methane potential 
of the substrate and known capacity of the plant. Thus, if it is known that in average the 
biogas plant is supposed to produce 330 GWh/year then the first step in calculation is to 
find out how many GWh/year could be obtained from the harvested macroalgae that are 
going to be used for anaerobic digestion: 
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 = ί  ,                       (17) 

 
where, Ga [GWh/year] is amount of energy that could be obtained from digestion of the 
whole amount of harvested algae. ί [kWh/m3] is energy content of methane.  
 
To calculate the primary energy output from co-digestion of macroalgae with household 
wastes (LS2) and crops (LS1) the following calculations are performed: 
 ( ) = ( )ί ,                    (18) 

 
where, PEh (PEc) [GJ/year] is primary energy that is necessary to get from household 
waste (crops) in order to reach the required capacity of the plant. 
   ( ) = +  ( ),                 (19) 
 
Equation 19 represents the calculation of primary energy output from co-digestion of 
macroalgae with household wastes (PELS2) and crops (PELS1) correspondently.  
 
Estimates of primary energy that could be obtained from co-digestion of macroalgae and 
reed (PELS3) are also made without taking into consideration the required energy output 
from the plant per year but only to find out the maximal potential at the given amount 
of harvested macroalgae. Thus, possible methane yield (ELS3) in this case is calculated by 
Equation 15.  
 
As it was mentioned previously, for the sake of comparison the energy input into the 
handling operations (harvesting, transportation, ensiling and pre-treatment) of 
substrates for co-digestion is also considered. The key element in these calculations is 
amount of substrate that is co-digested with macroalgae. For co-digestion scenario 
where macroalgae is mixed with household wastes (LS2), reed (LS3) and crops (LS1) the 
amount of co-digestate (household wastes, crops) that is necessary to load into digester 
will depend on the amount of energy left to reach the required capacity: 
 ( ) = ( )ί ,                    (20) 

 
where, Qh (Qc) [t/year] is amount of household wastes (crops) necessary to load to the 
digester in order to reach the required capacity of the plant. VS [% of wet weight] is 
organic content of the substrate. 
 
Amount of reed in LS3 scenario is equal to amount of macroalgae (Qr = Qa) as far as 
substrates are mixed with ratio 50/50. 
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Biogas utilization 
In scenario of small-scale harvesting the main application of the produced biogas is its 
utilization at the CHP plant for production of heat and electricity. However, due to 
relatively low efficiency of energy transformation the final output of energy will be much 
lower than that produced at the biogas plant. In order to consider these losses and get 
the final output of energy that is further will be used externally the following calculations 
are made: 
 = ( + )  ,                    (21) 
 
where, PESSel [GJ/year] is the output of the primary energy embodied in the electricity 
and heat produced from biogas at the CHP plant for small-scale scenario. η [%] is 
electrical efficiency of CHP plant. ϛ [%] is thermal efficiency of CHP.   
 
For the large-scale scenario the energy output in case of biogas utilization in CHP plant 
(PELSel) is calculated in the same way as shown in Equation 21 but here it is also 
necessary to take into account amount of energy lost during biogas upgrading process: 
         = (η + ϛ)(PE − PE ),                  (22) 
 
where, PEl [GJ/year] is primary energy of methane that is lost during upgrading 
procedure. The value of PEl is obtained by substituting the results of 12 into Equation 2. 
 
In case of biogas utilization as a vehicle fuel the final energy output is calculated as 
followed: 
          = PE − PE ,                     (23) 
 
where, PELSv [GJ/year] is output of primary energy embodied in biomethane. 
 
Substituting numbers got from equation 3, 4, 6, 8, 12, 13 and 15 into equation 2 it is 
possible to calculate the values of primary input into the following operations thus 
obtaining amount of primary energy input into substrate harvesting (PEh), transportation 
(PEt), pre-treatment (PEp), methane upgrading (PEu), methane loss (PEl), and Cd removal 
(PECd).  
  
Input/Output ration 
Using the base Equation 1 calculation of primary energy input output (IOSS) ratio for the 
small-scale scenario is done as follows: 
 =   

                  (24) 
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For the large-scale scenario this ratio (IOLS) is calculate in the following way: 
 

 =     ( )                (25) 

  
The scenario could be considered as energy efficient in case IO < 1. At IO ≥ 1 the energy 
input into the system exceeds the output what makes the process not feasible from the 
energy perspective.  
 
The analysis is mostly based on literature review and calculations performed using 
published data from similar or related studies.  The data and results are related to 
Swedish conditions. 
 

1.3. System boundaries of small-scale and large-scale scenario 
Sustainable harvesting and utilization of macroalgae as a biogas substrate requires 
positive life-cycle energy balance. Thus in order to analyze the net energy output and 
show how feedstock and process steps (harvesting, production, conversion, utilization) 
affects the energy balance of biogas systems it is necessary to outline the study 
boundaries and define its scale. 
 
The scale of the process is defined first of all by amount of substrate that is harvested 
and by biogas plant capacity. Thus, if macroalgae is harvested on the local level within 
one municipality their quantity is only enough for digestion at the small-scale plant 
providing energy mostly for residential heating (Weiland, 2009). With increasing of 
harvesting area the scale of plant to digest given amount of feedstock also increases 
resulting in higher volume of biogas output and different pathways of it utilization. In this 
case difference in energy balance of two scenarios is also stipulated by processes of 
feedstock handling and biogas use. 
     
Thus, in the following section the small-scale and large-scale scenario of macroalgae 
harvesting are developed and framed with respect to process and geographical 
boundaries.    
 1.3.1. Process boundaries 
The primary energy balance of two scenarios is analyzed from the life-cycle perspective.  
This means that all energy flow within defined process boundaries is summarized and 
compared to the net energy output from the system.  Small-Scale 
To evaluate the primary energy balance of the biogas production systems it is crucial to 
define the steps that are included in the life cycle of the process.  
 



12 
 

Thus, for small scale scenario the processes included in the system boundaries are 
feedstock harvesting and transportation, ensiling, pretreatment, biogas plant operation, 
biogas-to-energy conversion and digestate treatment and spreading that are presented 
in Figure 1.2. 

 
 
Figure 1.2. System boundaries of the small-scale scanario 
 Large-Scale 
Large-scale scenario determines not only the area and amount of feedstock harvesting 
but also different ways of the substrate treatment, routes of final product utilization and 
wastes handling. The large-scale biogas plants produce enough of energy that could be 
used by industrial process, agricultural activity, space heating and vehicle fuel.  
 
Thus, comparing to the small-scale scenario the life-cycle for the large-scale differ by the 
process that forego anaerobic digestion and follows the biogas production stage. Here, it 
is assumed that macroalgae is subjected to treatment in order to remove the excess 
concentration of heavy metals so to make a digestate suitable for application on arable 
lands. As far as on the large scale algae biomass is mixed with other substrates that are 
not contaminated with heavy metals it is not reasonable to treat the whole digestate. 
Thus treatment of macroalgae is performed before digestion. Utilization of big volumes 
of biogas is possible among other ways by its injection to the national gas grid with 
preliminary upgrading. In the large-scale scenario energy consumption during the biogas 
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upgrading process is assumed to increase the energy input into the system comparing to 
the small-scale scenario.   
 
The life-cycle stages for large-scale scenario are represented in the Figure 1.3. 
 

 
Figure 1.3. System boundaries of the large-scale scenario  
 1.3.2. Geographical boundaries 
In a small-scale scenario the southern coastal zone of Trelleborg municipality, Skåne 
country, Sweden was chosen as a harvesting place.  Recently municipality collects the 
seaweed and algae from the bathing territories during the tourist’s season but returns it 
to the water in autumn thus spending the money for collection but do not use the 
biomass (Müller, 2008).  As a potential biogas plant that could accept the collected 
seaweed and use them as a biogas substrate the commissioned treatment plant that is 
located in Smygehamn, Trelleborg is considered.  
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The intensive algal bloom is observed not only along the Trelleborg shoreline but the 
whole southern coast of Sweden. Therefore, in order to compare the options for 
utilization of macroalgae as biogas substrate, the scenario for large-scale macroalgae 
harvesting was developed. In this case the algae are going to be collected along the 
whole shoreline of Southern Sweden from Malmö till Simrishamn and transported to the 
biogas plant that is going to be constructed in Jordberga, Trelleborg, Sweden by E.On 
company.  Recently company has rejected the idea of macroalgae co-digestion at their 
biogas plant in Jordberga.  Thus, mainly crops such as beet and maize are going to be 
utilized at the given plant for biogas production (Cedervall, 2011).   However for the sake 
of comparison of two alternatives this plant will still be considered as a hypothetic place 
for biogas production from macroalgae on a large-scale.  
 
The geographical boundaries for two scenarios are presented at the Figure 1.4.  
 

 
 

Figure 1.4. Geographical boundaries of small-scale and large-scale macroalgae 
harvesting from the Baltic Sea (Skånemoderaterna, n.d.) 
 Small-scale 
Small-scale macroalgae harvesting is performed within the coastline of Trelleborg 
commune that is approximately 30 km long and located between Stavsten (western 
boundary) and Skateholm (eastern boundary).  The collection should be done at the 
beaches close to waterline since water harvesting could cause damage to marine life 
(Müller, 2010).  Moreover according to investigation amount of algae found between 0 – 
5 m out in the sea are in range of small to moderate (WAB, n.d.). With existing collection 
methods algae harvesting could be performed mainly on the sand beaches of the 
Trelleborg coastline that in total are 17 km long (WAB, n.d.). 
 
After collection the harvest is transported to the storage place adjacent to the plant 
where it is stored (ensiled) for the rest of the year. As a storage place the trench silo 
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adjacent to the plant could be used (Dahl, et al., 2009).   
 
The biogas production is supposed to be performed in Smygehamn (Dahl, et al., 2009). If 
to take into account that algae harvesting is performed on the 9 beaches of Trelleborg 
(Skåre, Dalkopinge, Karinbadet, Gislövs strandmark, Äspö, Beddinge strand, Skateholm, 
Dalabadet, Smyge) and transported to the biogas plant in Smygehamn than average 
transportation distance of a feedstock is around 10 km. 
 
In the developed scenario the biogas is used for production of heat and electricity at the 
combined heat and power (CHP) plant that is further used for heat and energy supply to 
the local dwelling territory. 
 
Utilization of biogas substrate as a fertilizer on arable land is difficult in this case due to 
increased content of cadmium. Therefore, one of the most appropriate options is to use 
it as soil improver applied to contaminated industrial land for growing of energy forest 
represented by trees of the genus Salix. The location of the Salix plantation have not 
been decided yet (Gradin, 2011) so it is assumed that the distance of digestate 
transportation for spreading on Salix plantation is equal to the distance of feedstock 
transportation from harvesting place to the biogas plant and correspond to  10 km. Large-scale 
Large-scale macroalgae harvesting is performed along the whole southern coast within 
the municipalities of Malmö, Vellinge, Trelleborg, Skurup, Ystad and Simrishamn (Muller, 
2008) (Pic. 1.1). This area is approximately equal to 1070 ha (Davidsson and Turesson, 
2008). As in the case with small-scale harvesting, algae is collected only at the beaches 
close to waterline and not in the sea. 
 
After the collection the substrate is transported to the storage place. For better 
comparison it is assumed that the storage place is located close to the plant as in the 
case of small-scale scenario. 
 
The biogas production is performed at the biogas plant in Jordberga that will be 
constructed on the place of former sugar mill (E.ON, 2008). If to take into account that 
algae are transported from the beaches of 6 municipalities (Malmö, Vellinge, Trelleborg, 
Skurup, Ystad and Simrishamn) then an average transportation distance to the biogas 
plant corresponds to 40 km.  
 
The biogas is upgraded to the quality of the natural gas and will be injected into the 
Public Gas Network from where it is taken and used as a vehichle fuel and in CHP for 
heat and electricity supply (Cedervall, 2009).   
 
As well as in the case of small-scale scenario the anaerobic digestion of algae gives a 
digestate contaminated with Cadmium. Thus, processing of digestate into chemical 
fertilizer may seem problematic. However, from the Cedervall (2011) it became clear that 



16 
 

the only option for utilization of digestate from Jordberga is to selling it as biofertilizer to 
the farmers. In this case it is assumed that macroalgae is subjected to treatmen for Cd 
removal before the digestion so there will be no harm in using of digestate as fertilizer.  
 

1.4. Assumptions 
Utilization of macroalgae as a substrate for anaerobic digestion is an emerging technique 
in Sweden that has not been widely used in practice. Thus, all information and data 
collected from the literature represents either experimental results or preliminary 
investigations.  In order to get all necessary data for calculation of energy balance from 
the life-cycle perspective the information regarding energy performance of biogas 
production systems from usual substrates is used and adjusted to the given case.  To 
meet the lack of up-to date real data regarding the subject of investigation the number 
of assumptions were made: 

1. The macroalgae harvesting is from May to August (Pihl, et al, 1995). 
2. Harvesting only on the beaches along the water line and not in the water. 
3. The amount of algae harvested from Trelleborg coast is supposed to be equal to 

the quantity estimated by KTH and equal to 28 000 m3 or 10 500 tones of wet 
weight (Müller, 2010). The amount harvested from the southern coast is equal 
to 43 068 ton DM/year according to Davidsson and Turesson (2008).  

4. The transportation distance for small-scale scenario is 10 km. The distance is 
calculated by means of google maps taking into account that collection will be 
performed at 9 beaches of Trelleborg municipality and transported to the biogas 
plant in Smygehamn.  

5. For large-scale scenario the transportation distance is also calculated with the 
help of google maps taking into account that the harvesting area is from Malmö 
to Simrishamn and the plant is located in Jordberga, Trelleborg.  The distance is 
around 40 km. 

6. The processes conditions and equipment considered in the large-scale scenario 
are almost the same as for small-scale one. The difference is in scale and in 
additional process steps. In large-scale scenario purification of substrate from 
heavy metals prior digestion and biogas upgrading are consider unlike in the 
small-scale scenario.  

7. It is assumed that both small-scale and large-scale plants are operating at 
mesophilic condition and use wet digestion (DM <10%) (WAB, n.d.; Weiland, 
2009). 

8. The primary energy values for algae pre-treatment, bioigas plant operation and 
digestate treatment are be taken from articles (Berglund and Börjesson, 2006; 
Pöschl, et al, 2010) assuming that in case of changing the type of substrate from 
standard one (crops, manure, household waste) into alternative (macroalgae, 
reed) the average energy input to the mentioned processes will remain the 
same. 

9. In large-scale scenario the produced biogas is upgraded and injected into 
national gas grid for further use as a vehicle fuel or for utilization at CHP plant for 
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heat and electricity production (Cedervall, 2009). 
10. In case of small-scale scenario the digestate is spread as soil improver on Salix 

plantation without any pre-treatment for Cd removal. On the large-scale 
macroalgae substrate is treated before digestion, so there will be no harm of 
using the digestate as biofertilizer.  
 

2. Macroalgae as a substrate for biogas production 
According to the result of investigation described in  WAB, n.d. the dominated species 
that could be found in shallow bays of Swedish southern coast are red filamentous algae 
(to the greatest extent) and bladder with the most intensive period of bloom in May-July 
(Pihl, et al., 2009).  In the following work it is considered that the collection period takes 
place is May-August with further storage (ensiling) of substrate during the rest of the 
year. If to take into account the results of investigation made by KTH the amount of 
macroalgae collected during four months from the entire coastline should be around    
28 000 m3 or 10 500 tons of wet weight (1 m3 = 0,375 tons) (Müller, 2010).   
 
In case of large-scale harvesting the investigations made by Davidsson and Turesson 
(2008) shows that amount of algae that could be collected from the whole southern 
coast that takes area of 1070 ha is equal to 43 068 ton DM/year. The amount and type of 
algae that could be harvested and used for biogas production in case of small-scale and 
large-scale scenario are represented in Table 2.1. 
 
Table 2.1. Type and amount of algae harvested 
 
 Small-Scale Large-Scale 
Place of harvesting Trelleborg coast  

(Stavsten-Skateholm) 
Southern coast of Sweden 
(Malmö – Simrishamn) 

Dominating type of algae Filamentous red algae  Filamentous red algae  
Harvesting period May-August May-August 
Amount, t ww/year 10 500a 239 270b 
a) Müller, 2010 
b) Estimated based on Davidsson and Turesson (2008) and Müller (2010) 

 

The methane yield from anaerobic digestion of algae directly depends on their 
composition and organic content in particular. The organic content is usually defined as a 
percentage of Loss on ignition (VS) from the Dry matter (DM) of substrate (WAB, n.d.). 
Analysis of different literature sources shows that dry matter content as well as 
percentage of VS varies within different types of macroalgae species and depends on the 
age of the material. Table 2.2 presents the summary of gathered data of macroalgae 
composition.  
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Table 2.2. Organic content of different types of macroalgae  
 
 DM, % VS, % of DM 
Macroalgae from Trelleborg (April/May)a 8 80 
Macroalgae from Trelleborg (February)a 22 80 
Macroalgae from Trelleborg (February)b 20.8 82.3 
Macroalgae from Trelleborg (March)b 22.4 80.0 
Macroalgae from Trelleborg (April/May)b 8.4 79.5 
Ulvac 17.8 70.8 
Ulvad 15.6 62.4 
   
Average 17±4 72±9 
a) Dahl, et al., 2009. The harvest is represented by mixture of different types of macroalgae found at 
the southern coast with red filamentous algae dominating.  
b) Müller, 2010 
c) Average numbers calculated based on Müller (2010) 
d) Average numbers calculated based on Briand and Morand (1997) 

 
Values of macroalgae organic content presented by Dahl, et al. (2009) shows that the 
harvesting period greatly affects the composition resulting in higher content of DM in 
“old” feedstock harvested in February. As it will be shown further these variations in dry 
matter content are the reasons for different methane yield from corresponding 
feedstock.  
 
Regarding limited amount of data on chemical and organic composition of red 
filamentous algae that are dominated substrate for anaerobic digestion in this case the 
information about composition of green macroalgae Ulva sp. found in case studies by  
Müller (2010) and  Briand and Morand (1997) is used for comparison and homogenizing 
of data. Thus, estimated average values for mactoalgae DM and VS content is considered 
as constants in further calculations.   
 
Stable biogas production process also depends on sufficient amount of nutrients 
supplied with a substrate. This supports activity of microorganisms, involved in anaerobic 
digestion. Thus, the carbon content of substrate should be in balance with nitrogen 
content. The optimal carbon to nitrogen ratio for microorganisms should be 15-30 
(Weiland, 2009) whereas this for algae samples collected from the various beaches of 
Trelleborg was 10 – 14. In Table 2.3 the data on Ulva sp. presented by Briand and 
Morand (1997) and results of analysis found in WAB (n.d.) and Müller (2010) showing the 
chemical composition of the macroalgae collected from the Trelleborg costs in June 2007 
and February – May of 2009 are presented. 
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Table 2.3. The average chemical composition of macroalgae  
 
 Element  Unit Macroalgae 

June 2007  
(average)a 

Macroalgae 
February-May 
2009(average)b 

Reed May 
2009c 

Ulva sp.d 

TS % 12.2 17.20 14 16.00 
VS % of DM - 80.60 91 69.80 
Al mg/kg DM 950 553.33 56 - 
As mg/kg DM 3.85 9.4 0.079 5.04 
B mg/kg DM 217 203.33 <5.2 15.94 
Ba mg/kg DM 23 44.67 11 - 
Cd mg/kg DM 1.1 1.7 0.042 0.16 
Co mg/kg DM 0.814 1.74 0.1 0.55 
Cr mg/kg DM 2 2.93 0.6 12.98 
Cu mg/kg DM 7.98 11.33 18 6.40 
Fe mg/kg DM 2175 923.33 140 1027.20 
Hg mg/kg DM 0.036 <0.02 <0.02 0.25 
K mg/kg DM 13465 26333.33 43900 - 
Mn mg/kg DM 47 440 170 38.00 
Mo mg/kg DM 0.655 0.78 0.47 2.42 
Ni mg/kg DM 6.4 8.7 2.3 19.52 
Pb mg/kg DM 3.77 2.97 0.19 2.84 
Si mg/kg DM 248.3 14033.33 5700 - 
Ti mg/kg DM 25.8 19.67 <10 - 
V mg/kg DM 2.7 2.97 0,15 - 
Zn mg/kg DM 74.11 119 47 34.60 
Cl mg/kg DM 19728 - - - 
C % DM 25.8 37.4 45,7 31.64 
H % DM 3.6 - -  
N % DM 2.2 4.17 4,0 2.18 
C/N   11.73 9.33 11.3 14.51 
a) The average chemical composition of macroalgae harvested from the 6 beaches of Trelleborg 
municipality in June 2007 with red filamentous algae dominating. Average values calculated based on 
data presented in WAB (n.d.).  
b) Average chemical composition of macroalgae harvested from Smyge Huk in February, March and 
April/May 2009. Average values calculated based on Müller (2010) 
c) Müller, 2010 
d) Briand and Morand, 1997 

 
When C/N ratio is too low (Table 2.3) to support the activity of microorganism in the 
anaerobic decomposition process means that to reach proper ratio of elements 
macroalgae should be mixed with other substrates.  In earlies studies (Dahl, et al., 2009) 
it was proved that co-digestion of macroalgae with manure provides stable process 
conditions and gives higher biogas yield then each of these feedstock alone.  Considering 
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given results manure is chosen as co-digestate for biogas production on a small-scale. In 
large-scale scenario household wastes and crops that are very common substrates for 
biogas production are considered as alternatives for co-digestion with macroalgae.  
 
Another option for co-digestion on a large scale is to mix macroalgae with reed that is 
very common species in wetland biomass and grows along the beaches of nutrient-rich 
lakes. Until recently big investments have been made for construction of new and 
restoration of existing wetlands in Trelleborg with the purpose to reduce the nutrients (N 
and P) inflow from arable land into the Baltic Sea (Müller, 2010). The plans were also to 
harvest the wetland biomass and digest it with macroalgae at the biogas plant in 
Jordberga (Müller, 2010). Later it was decided that only crops would be used for 
anaerobic digestion at the given plant. However, in order to evaluate the feasibility of 
given feedstock for biogas production from energy balance perspective and for the sake 
of comparison the co-digestion scenario reed/macroalgae is also considered in the 
following study.  
 

3. Primary energy input/output into the process stages 
The balance of primary energy is assessed by value of input/output (IO) ratio. Input of 
energy into the system is calculated separately for each process included into the 
lifecycle (Fig. 1.2 – 1.3) and summarized. Energy that is embodied in heat, electricity or 
vehicle fuel and obtained after biogas passing through energy conversion equipment is 
an output value to which sum of inputs is related.   
 

3.1. Energy input into the system 
Transformation and utilization of substrate at each stage of the life-cycle requires supply 
of process energy in the form of fuel, electricity or heat to provide operation of 
machinery and equipment. Below a description of process steps included in the study 
boundary is presented with respect to operational conditions and energy flows. 
 
Harvesting and Transportation 
 
For the sake of better comparison it is assumed that the equipment and transport fuel 
are the same in both small-scale and large-scale scenario. The difference is stipulated 
only by the scale of collection and transportation distance. The energy consumption 
during harvesting and substrate transportation process is based on technology that is 
currently used for cleaning the beaches in Trelleborg. Here the macroalgae are gathered 
with the help of wheel loaders with a pitchfork or a bucket so to decrease the send 
uptake. The collection takes place at the beach and in the water up to the depth of 1,2 
m. The capture efficiency of wheel loader is about 80 m3/h that is equal to 30 t/h. The 
machine consume 16 l/h (WAB, n.d.). 
 
After collection the macroalgae is transported to the storage place located near the 
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biogas plant. The transportation is assumed to be done by trucks with a payload of 40 
tones and filling capacity of 70 %. This means that 28 tones of algae could be handled at 
a time. Loading of this amount of material takes an hour (WAB, n.d.).  
 
For the small-scale scenario the transportation distance is around 10 km. In the large-
scale scenario the transportation distance from collection place to storage place is 
approximately 40 km. 
 
Calculating the energy consumption during substrate transportation the distance that is 
covered by empty trucks on their way back from the storage to the collection place is 
also taken into account. The data used for calculation of energy use during harvesting 
and transportation steps are performed by equation 3, 4 and 5 using data represented in 
Appendix I.  
 
Ensiling 
 
If to assume that the main harvesting period is May - August that give the 10 500 tons of 
wet weight of algae per year (in case of small-scale scenario) and 239 270 t/year (for 
large-scale) then the rest 8 months (September-April) the substrate should be stored. 
According to the WAB (n.d.) the best ensiling procedure for algae is formation of round 
bales of silage by wrapping them in film with round baler.  
 
It is assumed that consumption of energy during the storage itself is negligible however 
formation of round bales is performed with special equipment that consumes fuel. The 
energy embodied in the diesel fuel spent for bales formation is taken into account 
(Appendix I). 
 
Pre-treatment 
 
The pre-treatment involve mechanical disintegration of the material, removal of sand 
and other coarse particles, thermal and/or chemical pretreatment with further pulping 
to fluidise the fibrous matter.  For calculation of energy needed to perform all pre-
treatment operations the average numbers that are derived from the studies of similar 
case (Berglund and Börjerson, 2006) are taken assuming that in our case the substrate 
will undergo similar pretreatment and that it will require the same amount of energy. 
Calculation of energy consumption during pre-treatment operations is made by equation 
7 using data given in Appendix I. 
 
The biogas plant operation 
 
To run the anaerobic digestion process the biogas plant itself requires energy supply. The 
figures for electricity and heat requirements for operation of large-scale and small-scale 
plants were taken from the literature. The data found in the literature and used for the 
following case study represents the energy requirements of continuous, single stage, 
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mixed tank reactors that operates at mesophilic temperature (Appendix I) (Berglund and 
Börjesson, 2006). 
 
Digestate treatment and utilization 
 
The digestate from macroalgae anaerobic digestion has a good potential as fertilizer in 
terms of nutrients.  As it seen from the Table 2.3, the ratio of N:K in undigested substrate 
is on average 1:0.54 (WAB, n.d.). However, the content of heavy metals, especially 
cadmium, can limit the utilization of digestete on arable lands. In spite of Cd content in 
undigested samples is below the threshold of 2 mg/kg DM (Table 2.3) in all samples it 
could significantly increase in digestate due to reduced amount of TS.  
 
In the case of small-scale biogas production the digestate is not treated for Cd removal 
and is used as a soil improver put on energy forest plantation. In this case the digestate is 
subjected to standard treatment procedure such as dewatering by centrifuging or screw-
press technology (Pöschl, et al, 2010). This is done for the sake of better transportation 
as far as residue after anaerobic digestion has only 20 % of dry matter that makes it 
sticky. This complicates its direct application, transportation and spreading (Teglia, et al., 
2010). After dewatering both liquid and solid fractions of digestate are used as soil 
improver for growing of energy forest (Salix) on industrial contaminated land.  
 
The whole digestate from large-scale plant is used as biofertilizer and spread on arable 
land. As far as algae are treated before digestion and heavy metals they contain are 
removed, there will be no harm of using the digestate as biofertilizer.  As in the small-
scale case the digestate in this scenario is also dewatered by screw-press or by 
centrifuging. 
 
Both dewatering techniques are quite effective in digestate treatment. However the 
screw-press consumes less energy during operation (Pöschl, et al. 2010; Appendix I), has 
high output with low labor and maintenance. In this case it is suggested that this 
technology would be taken as a base in both scenarios for digestate treatment stage that 
is further could be compared to the centrifuging in terms of energy consumption.  
 
Calculating the energy input to the digestate treatment step its loading, spreading and 
transport is also considered. The general figures for these calculations are taken from the 
paper by Pöschl, et al. (2010) and represented in the Appendix 1. The distance of 
digestate transportation is assumed to be the same as for substrate transportation and 
equal to 10 km for small-scale and 40 km for large-scale scenario since in first case the 
location of land for Salix plantation has not been decided yet (Gradin, 2011) and the 
digestate is spread on the same land from which the substrate was taken in the last case. 
Calculation of energy input into the following step is done using Equation 14. 
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Biogas upgrading 
 
If the biogas produced at the large-scale plant is supposed to be injected into the 
national gas grid then it should be upgraded (purified) by remowing CO2 and other 
impurities with rising methane level. Sweden has standards (certification system) for 
defines limits for S, O, particles content of the biogas injected into the national gas grid. 
These standard values are represented in the Table 3.1. 
 
Table 3.1. Standard requirements for grid injection or for use as a vehicle fuel (Swedish 
standard SS 15 54 38, Motorbränslen – Biogas som bränsle till snabbgеende ottomotorer 
cited in Energigas Sverige (2007)) 
 
Compound Unit Value 
Methane content Vol-% 95 – 99  
CO2+O2+N2 Vol-% <5 
Water dew point oC <t5-5 
Sulphur mg/Nm3 <23 
 
 The composition of biogas obtained right after digestion is represented in the table 3.2   
 
Table 3.2. Composition of biogas (Petterson and Wellinger, 2009) 
 
Compound Value 
Methane (vol-%) 60 – 70  
Other hydro carbons (vol-%) 0 
Hydrogen (vol-%) 0 
Carbon dioxide (vol-%) 30 – 40  
Nitrogen (vol-%) 0.2 
Oxygen (vol-%) 0 
Hydrogen sulphide (ppm) 0 – 4000  
Ammonia (ppm) 100 
Lower heating value (kWh/Nm3) 6.5 
 
Among all other procedures for biogas purification from excess water, oxygen, nitrogen 
and hydrogen sulphide the most expensive part is the removal of CO2 (Hullu, et al., 
2008). CO2 from biogas could be removed either by absorption (water scrubbing; organic 
solvent scrubbing) or pressure swing adsorption (PSA) (Petterson and Wellinger, 2009). 
The method chosen for upgrading of biogas to biomethane define the energy used to 
run the process and loss of methane during the process.  
 
In Sweden the water scrubbing technology is the most spread (Petterson and Wellinger, 
2009).  This technology is taken in this case as a base for energy input calculation.  
However, in order to compare how different biogas upgrading methods affects general 
energy balance other methods such as PSA and chemical absorption are also taken for 
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consideration. The figures of energy consumption during biogas purification by each 
method mentioned above and the methane loss during procedure are represented in the 
Appendix 1 and used in Equations 9 and 12.   
 
Cd removal 
 
As it was mentioned above the whole digestate that is left after anaerobic digestion at 
the large-scale biogas plant is supposed to be used as biofertilizer.  In order to make it 
safe for application on arable land macroalgae should be treated for Cd removal before 
the digestion. 
 
Currently there is no technique developed specifically for purification of algae from 
heavy metals. In this case an option is to consider techniques that are applied for heavy 
metals removal from sewage sludge, waste water, storm water, lechate and ash. Among 
all those techniques membrane filtration and flotation are proved to be the most 
effective in water purification from heavy metals (WAB, n.d.).  
 
The laboratory experiments of Cd removal from algae showed that Ion exchange and 
adsorption could also be applied giving from 94 to 95 % of reduction in Cd content 
(Davidsson, 2008).  In this case as a base for calculation of energy use during Cd removal 
Ion exchange and adsorption methods will be taken as a base. Since no reliable data 
regarding energy demand for mentioned purification methods are found it is assumed 
from the process technology (Fu and Wang, 2010) that these techniques are more 
chemicals intensive rather than energy. Thus energy input to the stage of macroalage 
purification from Cd by ion exchange or adsorption methods are neglected in 
calculations. For comparison another methods for metal removal such as membrane 
filtration could be considered for macroalgae purification. In this case calculations of 
energy use are performed by Equation 13 using data from Appendix I.  
 

3.2. Energy output from the system 
Utilization of produced biogas in energy conversion systems provide secondary energy 
sources such as vehicle fuel for transportation, electricity and heat for industries and 
residential areas. Primary energy embodied in these sources are estimated and 
compared to the energy used to run the chain of processes thus representing energy 
efficiency of the system.  
 
Biogas production 
The pilot plant that is planned to be built in Smygeham from the old treatment plant 
belongs to the “farm-scale” type. The farm-scale biogas plants usually have the capacity 
of 50-500 kW (Svensson, et al, 2005) and digest less then approximately 10,000 tons of 
raw materials a year (Berglund and Börjesson, 2006).  Nowadays the pilot plant has 2 
reactors with the capacity of 500 m3 each, giving the total volume of 1000 m3.  The 
possible load to the digester to support the stable operation should be around 2 – 3 kg 
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VS/m3 day with maximal load of 5 kg VS/m3 day.  
 
In case of large scale scenario the biogas plant in Jordberga with capacity of 330 
GWh/year (Cedervall, 2009) belongs to the large scale plants. According to (Svensson, 
et al, 2005) large scale biogas systems have an installed capacity of >500 kW and digest 
20,000 – 60,000 tons of raw material per year (Berglund and Börjesson, 2006). As far as 
the whole amount of algae collected from the southern coast could give maximum 103 
GWh/year it is obvious that algae are going to be co-digested with other raw materials. 
At Jordberga they are supposed to use mainly crops such as beet and maize as a main 
substrate for biogas production (Cedervall, 2011).    
 
In this study it is assumed that plants in case of both small-scale and large-scale 
scenarios operate in mesophilic condition (38-42 0C) and applies wet digestion (<10 
% of total solids) (Weiland, 2009). 
 
In order to dilute the substrate, get proper C/N ratio to support the digestion and gain 
bigger yield of biogas algae could be co-digested with manure (Dahl, et al., 2009) on a 
small-scale and wetland biomass, crops and household wastes in case of large-scale 
scenario.  
 
Earlier co-digessstion (Dahl, et al., 2009; Müller, 2010) of macroalgae with manure and 
wetland biomass was experimentally tested as a substrate for utilization at the biogas 
plant. Results of macroalgae co-digestion with cow manure on laboratory scale, provided 
by Lundberg (2011), proves the viability of such scenario with biogas yield in range of 
0.14 – 0.25 Nm3 CH4/kg VS.  
 
Earlier in laboratory experiments it was defined by Davidsson (2008) that biogas yield 
was greater from co-digestion of algae with sewage sludge. As far as by now application 
of sewage sludge as a substrate for anaerobic digestion is still considered as a 
controversial option this co-digesstate is not considered in the following study. So, the 
co-digestion scenario for large-scale biogas production is limited by crops, household 
wastes and reed in this study. Data presented in Müller (2010) shows that 1/1 mixture of 
macroalgae and reed provides 0.268 Nm3 CH4/kg VS. The co-digestion scenario for which 
energy balance is performed are summarized in Table 3.3. 
 
Table 3.3. Co-digestion scenarios 
 
 Small-scale scenario Large-scale scenario 

SS2 SS1 LS1 LS2 LS3 LS4 
Macroalgae 50 % 100 % 60 % 45 % 50 % 100 % 
Manure 50 %      
Household wastes    55 %   
Crops   40 %    
Reed     50 %  
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The biogas yield from anaerobic digestion of macroalgae also depends on type of algae, 
their organic content, period of harvest and way of pre-treatment. It is worth mentioning 
that laboratory experiments that were performed with the aim to investigate the 
potential of macroalgae as a substrate for biogas production are mainly focused on one 
specific type of algae and not on their mixture as in the case of harvesting from the 
beaches. Thus, in studies by Müller (2010) and Briand and Morand (1997) presents data 
of methane yield from digestion of green algae of Ulva species grown in different 
conditions or subjected to various treatment methods. In Table 3.4 the summary of data 
found in different literature sources showing the methane potential of macroalgae are 
presented.    
 
Table 3.4. Methane yield from macroalgae 
 
  
  

Methane yield 
l CH4/kg VS Nm3 CH4/kg VS 

Macroalgae from Trelleborg beach (April/May)a   0.2 
Macroalgae from Trelleborg beach (February)a   0.125 
Green algae     
Ulva 15%, l CH4/kg VSb 227 0.23 
Ulva 30%  l CH4/kg VSb 204 0.20 
Ulva 45%  l CH4/kg VSb 221 0.22 
Ulva 60%  l CH4/kg VSb 166 0.17 
Ulva 75%  l CH4/kg VSb 163 0.16 
Ulva low Nb 196 0.20 
Ulva high Nb 190 0.19 
Control  l CH4/kg VSb 213 0.21 
Ulva sp. (non-washed)c 110 0.11 
Ulva sp. (washed)c 94 0.09 
Ulva sp.(non-ground)c 145 0.15 
Ulva sp.(ground)c 177 0.18 
Brown algaec    
Fucus vesiculosus 442 0.44 
Laminaria saccharina 410 0.41 
Laminaria digigata 442 0.44 
Red algaec    
Palmaria palmata 453 0.45 
Porphyra umbilicalis 442 0.44 
Averaged   0.31 ± 0.14 
a) Dahl, et al., 2009 
b) Müller, 2010 
c) Briand and Morand, 1997 
d) Estimated taking into account values given by Dahl, et al. (2009) and Briand and Morand (1997) that 
relates to the methane yield from red algae. 
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Data in the Table 3.3 shows rather high dispersion of methane potential even within 
macroalgae of the same type. The final energy output directly depends on amount of 
biogas produced. With this regard it is reasonable to present the final energy balance for 
three possible cases when the methane output is at the lowest, average and highest 
level. Table 3.5 shows the methane yield values for high, low and average estimates. 
 
Table 3.5. Ranges of methane output 
 
Scenario Methane yield potential, Nm3 CH4/kg VS 

Low Average High 
Macroalgae (SS1, LS4) 0.125a 0.31d 0.45b 

Manure/Macroalgae (SS2) - - 0.25c 

Macroalgae/Reed (LS3) - 0.268e - 
a) Dahl, et al., 2009 
b) Briand and Morand, 1997 
c) Lundberg, 2011 
d) Estimated 
e) Müller, 2010 

 
Since not all co-digestion scenario in this work were previously investigated for potential 
methane yield calculation of energy output is also performed in two different ways 
depending on available data. Thus, for single substrate as macroalgae and its co-
digestion with manure and reed where the methane potential is known (Table 3.5) 
estimates are performed by Equations 15 – 16 while for the others Equations 17 – 19 are 
used. 
 
Biogas utilization  
 
In case of small-scale scenario the amount of biogas produced is limited and the most 
common solution for its utilization is combined production of heat and electricity. The 
produced electricity is supplied to the national grid and heat is used in district heating 
network. Installation of gas engine for utilization of biogas in CHP is recommended for 
the plant in Smygehamn (Dahl, et al., 2009).  
 
Amount of biogas produces in the large-scale systems is sufficient for multiple 
applications such as industrial processes, agriculture, heating of dwelling territory and 
use as a vehicle fuel. At Jordberga the whole biogas produces is going to be upgraded 
and injected into the national gas grid from where it will be taken for utilization in CHP 
and as a vehichle fuel (Cedervall, 2009).  The figures of average efficiency of CHP units 
both for small-scale and large-scale plants are taken from the paper by Berglund and 
Börjesson (2006) and are represented in Appendix 1. Calculations of final energy output 
from the system are done by using Equation 21 – 23. 
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4. Results 

4.1. Energy input output ratio 
The energy balance of harvesting and biogas production from macroalgae is calculated 
as a ratio between the energy that is put into the system to run the processes and 
energy that we could obtain from the biogas services. Thus we calculated separately the 
amount of primary energy that is used at every stage of small-scale and large-scale life-
cycle scenario (Figure 1.1 – 1.2) and related it to the energy that is supplied to external 
use and embodied in electricity, heat and vehicle fuel. The scenario could be considered 
as energy efficient in case IO < 1. When IO ≥ 1 the energy input into the system exceeds 
the output what makes the process not feasible from the energy perspective.  
 
As it was mentioned in the section 3.2 the methane potential of red macroalgae that are 
dominating species at the southern coast of Sweden and that are supposed to be used as 
a biogas substrate varies greatly depending on time of harvesting and chemical 
composition of material. In such a way the energy balance of small-scale and large scale 
scenario is presented with respect to lowest, average and highest methane potential of 
macroalgae. 
 
The lowest final energy output with methane production of 0.125 Nm3/kg VS occurs in 
case of digestion of “old” macroalgae harvested in the end of the season or stored for a 
long period of time without proper ensiling. In this case digestion of macroalgae on both 
small and large scale gives negative energy balance in case of single substrate (Figure 
4.1). 
 

 
 
Figure 4.1. Ratio of primary energy input/output into the biogas system in case of low 
methane potential of macroalgae 
 
According to the Fig. 4.1 the IO ratio for scenario SS1 and LS4 that represents macroalgae 
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as a single substrate for anaerobic digestion equal to 1.17 and 1.32. Which means that 
117 % and 132 % of output energy embodied in the produced heat, electricity or vehicle 
fuel is used in the production chain. 
 
Co-digestion of macroalgae with manure (SS2) turned to be more efficient than using of 
macroalgae alone with the IO ratio equal to 0.69. On a large-scale the highest ratio of IO 
is equal to 0.62 for co-digestion of macroalgae with reed (LS3). Scenario that represents 
mixture of macroalgae with crops (LS1) is the most preferable co-digestion option with 
the lowest IO ratio.   
 
While for small-scale scenario only one way of biogas utilization is considered, on the 
large scale production of heat and electricity at the CHP plant is also compared to option 
when the whole biogas is utilized as a vehicle fuel. It is shown that for all four digestion 
options using the biogas as a vehicle fuel is more efficient from energy perspective. 
Production of vehicle fuel is also the best option when single substrate (LS4) is used on a 
large scale. However both scenarios where biogas is produced from single substrate 
shows negative energy balance at the lowest methane potential of macroalgae.   
 
With increasing of methane output from macroalgae digestion the overall energy 
balance of the system improves (Figure 4.2 and 4.3). Unlike the previous case at the 
methane yield of 0.31 Nm3/kg VS the SS1 scenario becomes more efficient then SS2 thus 
making digestion of macroalgae alone rather viable opotion decreasing the IO ratio for 
this scenario from 1.17 to 0.47. In this case co-digestion with manure seems less 
preferable option. On the large scale the IO ratio for single substrate (LS4) also changes 
significantly from 1.32 to 0.64 for heat and electricity and from 1.16 to 0.56 for vehicle 
fuel. Still co-digestion of macroalgae with energy crops with biogas utilization as vehicle 
fuels remains the most efficient option (Figure 4.2), since here the energy input to the 
production and utilization process accounts for 38 % of output in case of electricity and 
heat production or 34 % when biogas is used as a vehicle fuel. 
 

 
 
Figure 4.2. Ratio of primary energy input/output into the biogas system in case of 
average methane potential of macroalgae 
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Figure 4.3. Ratio of primary energy input/output into the biogas system in case of high 
methane potential of macroalgae 
 
Trends in energy balance change described for the case when methane output from 
macroalgae is at the average level are also valid in case when potential is at the highest 
level and equal to 0.45 Nm3/kg VS. Here in case of small-scale scenario digestion of 
macroalgae alone is more preferable with IO ratio of 0.32 comparing to its co-digestion 
with manure (IO = 0.69). For the large-scale case the IO ratio for LS4 becomes almost 
equal to the ratio of macroalgae co-digestion with household wastes (LS2) with 
corresponding values of 0.49 and 0.46 for heat and electricity and 0.43 and 0.40 for 
vehicle fuel. As in the previous cases co-digestion with crops (LS1) is the most energy 
efficient. 
 
In Müller (2010) which presents results of biogas yield from macroalgae co-digestion the 
range of methane production potential for given feedstock was not stated. Hence for 
calculation of IO ratio for LS3 only one constant value of methane output that is equal to 
0.268 Nm3/kg VS was considered. Due to this the IO ratio for LS3 remains the same for all 
three cases presented above. For the same reason the IO ratio for co-digestion with 
manure (SS2) remains the same since constant value of methane output (Table 3.5)  is 
used for calculation.    
 

4.2. Proportion of general energy input 
In order to define which process stage in the life-cycle of macroalgae harvesting and 
utilization contributes the most to energy consumption by the system the input to each 
stage was related to the general energy demand and summarized in the Figure 4.4. 
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Figure 4.4. Ratio of contribution to the general primary energy input by each process 
stage in case of average methane potential of macroalgae 
 
Thus, for small-scale scenario the biogas plant operation has the greatest energy 
demand and contributes 55 - 65 %  of the whole energy input. Whereas on the large-sale 
the biogas upgrading is a greater issue in terms of energy demand with 19 – 32 % of 
energy input following by plant operation consuming 17 – 28 % of energy. In case of 
macroalgae harvesting and utilization on the small-scale, substrate pre-treatment and 
digestate handling are the second and the third largest energy consuming processes that 
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household wastes) to 22 % (co-digestion with reed) of the whole input energy is 
digestate handling operations followed by substrate pretreatment with the lowest 
amount of input of 7 % into co-digestion with crops and highest (17 %) for pre-treatmetn 
of single substrate. Also substrate transportation demands from 5 % to 6 % from general 
energy consumption on a large-scale. At the same time the feedstock transportation for 
the small-scale scenario is not that energy demanding since it accounts only for 3 % of 
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Energy demand for the harvesting and ensiling stage are almost the same for both 
scenarios and contribute to 5 %  of input except for LS2 where collection routes for 
household wastes gathering takes 19 % of process energy thus making it the second 
most energy demanding step for this scenario.  
 
With increasing of biogas production due to higher methane potential of macroalgae the 
values presented in the Fig. 4.4 remain practically the same except of those for biogas 
upgrading on a large-scale, since when increasing of amount of produced biogas energy 
required for its upgrading increases proportionally (Figure 4.5). 
 

 
 
Figure 4.5. Ratio of contribution to the general primary energy input by biogas upgrading 
stage in case of low, average and high methane potential of macroalgae 
 
The figure shows that energy demand at biogas upgrading stage for the co-digestion 
scenario with reed (LS3) remains the same and corresponds to 26 % of the total energy 
input. It is stipulated by the value of the methane output from the mixture of 
macroalgae with reed that is obtained from laboratory tests without consideration of 
different methane potentials of macroalgae (Müller, 2010).    
 

4.3. Consideration of different treatment techniques 
Results of primary energy balance calculations presented above is made with respect to 
certain process conditions. Here, it is assumed that removal of Cd from macroalgae 
substrate is performed by ion exchange and adsorption, biogas upgrading was performed 
by water scrubbing and dewatering of digestate is done with a screw press. However 
there are other methods that could be applied for the same processes. Thus, for removal 
of heavy metals membrane filtration techniques could be applied, upgrading of biogas is 
also done by chemical or pressure swing absorption and finally instead of screw press 
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centrifugation could provide effective digestate dewatering. Scenarios of possible 
treatment techniques combinations are presented in Appendix II.  
 
In order to investigate how variations in diferent treatment techniques affects general 
energy balance of a system the IO ratio for scenarios of macroalgae utilization as a single 
substrate (SS1 and LS4) is performed for each treatment method and represented in 
Appendix III.   
 
According to obtained results the base scenario is the most energy efficient on the small-
scale with IO ratio of 0.47 at the average level of methane potential when there is no 
need to clean the feedstock from Cd and digestate is dewatered by means of screw 
press. For large-scale scenarion the IO ratio could be decreased from 0.64 to 0.52 in case 
of biogas utilization for heat and electricity production and from 0,56 to 0.46 for vehichle 
fuel when biogas is upgraded by chemical absorption method that requires less energy 
than water scrubbing and gives less methane loss during upgrading. Thus, consideration 
of alternative methods for biogas upgrading shows the increase in energy efficiency of 
the large scale system by 18 %.  
 

5. Discussion 

5.1. Energy efficiency of scenarios 
Results show that significant dispersion in values of possible methane potential of 
macroalgae makes it rather controversial feedstock for anaerobic digestion as a single 
substrate. Although at the highest possible methane yield the IO ratio for both small-
scale and large-scale scenario look promising (0,32 and 0,49 (0,43) correspondently), its 
high deviation from values obtained at the low methane output (1,17 and 1,32 (1,16)) 
makes the production process not viable from an energy balance perspective, since IO 
ratio is ≥ 1. It means that production process requires more energy that it could be 
derived from the final product. Thus, utilization of macroalgae at lowest methane yield 
on both large and small scale is not efficient form the energy perspective since the whole 
process of feedstock handling together with the biogas production consumes 17 % and 
32 (16) % more energy that could be eventually obtained from the produced biogas. At 
the same time results for anaerobic digestion of standard substrates presented in Pöschl, 
et al. (2010) and Berglund and Börjesson (2006) always show positive energy balance 
even when feedstock is used alone without co-digestion.  
 
In earlier case studies (Dahl, et al., 2009; Müller, 2010) it was shown that methane 
potential of macroalgae is higher for wet (fresh) material. The drier substrate gives lower 
methane output from anaerobic digestion. Thus it is clear that organic matter of algae 
leaved on the beach or stored without proper ensiling for a long period of time is 
partially degraded both aerobically or anaerobically. In the give study it is assumed that 
the storage period of macroalgae is approximately eight months per year. Without 
utilization of appropriate ensiling methods this will result in constant decreasing of 
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biogas output from the production system. Also, macroalgae doesn’t completely satisfy 
the requirements for stable anaerobic digestion processes with regard to nutrients 
content. In this case their co-digestion with other substrates is preferable not only from 
energy balance perspective but also with regard to the process parameters.  
 
Co-digestion of macroalgae with other substrates is rather viable option both on small 
and large scale with the highest IO ratio for mixture with manure and lowest for co-
digestion with beet and maize. Thus, even at the lowest methane potential of 
macroalgae the highest IO ration is 0.69 for co-digestion with manure on a small-scale 
and 0.62 (0.54) for mixture with reed on a large-scale. This is a rather good result since 
only half of obtained energy is used in the production process. Thus, in case of lowest 
level of methane output the small-scale scenario remains energy efficient only in the 
case of co-digestion with other substrates. 
 
The energy efficiency of co-digestion scenario increases with rising of specific biogas 
yield of substrate. Thus, obtained results reflect this trend since among given feedstock 
crops and household wastes have higher methane potential than manure (Lehtomäki, et 
al, 2006; Energigas Sverige, 2007; Berglund and Börjesson, 2006). The obtained values 
also correlates with numbers presented by Pöschl, et al. (2010) where analysis of primary 
energy input output ratio for single feedstock digestion scenario shows the higher 
efficiency of corn silage (IO=0.25) followed by household wastes (IO=0.57) and cattle 
manure (IO=0.64) that is appeared to be the least efficient option.   
 
However, an interesting fact is that both results of the given case study and those found 
in Pöschl, et al. (2010) contradicts to those presented by Berglund and Börjesson (2006). 
This could be explained by different process boundaries presented in mentioned case 
studies. Thus in the work by Berglund and Börjesson (2006) energy input into cultivation 
and harvesting of crops considered energy required for storage of lay crops in a bunker 
silo, production of fertilizers as well as energy used for manufacturing of vehicles and 
embodied in tractors and machinery used on the fields. Calculation of energy input into 
harvesting and cultivation of crops in the work by Pöschl, et al. (2010) was limited only 
by land cultivation, seeding, fertilizer application and harvesting (Pöschl, et al, 2010). 
However in the later study the energy balance also included dewatering of digestate 
which is one of the most energy demanding process for manure and that is not included 
in the work by Berglund and Börjesson (2006). Thus, if to take into account results 
presented by Berglund and Börjesson (2006) production of biogas from manure is less 
energy intensive then from ley crops. In this case macroalgae co-digestion with manure 
would be more efficient compared to the crops.  
 
The ratio of primary energy input output for macroalgae co-digestion with manure and 
reed is constant for three cases of macroalgae methane potential  and equal to 0.69 and 
0.62 (0.54) correspondently.  Unlike the case of co-digestion with household wastes and 
crops the methane production by anaerobic digestion of mentioned substrate was 
laboratory tested and real numbers for methane yield were obtained (Dahl, et al., 2009; 



35 
 

Müller, 2010). However, these experiments were performed for single harvest and didn’t 
reflect the possible variation in methane production from co-digestion with algae of 
different harvesting period. Thus, it is highly possible that IO ratio for given co-digestion 
scenario may also vary with changing of macroalgae methane potential thus becoming 
higher with utilization of “old” macroalgae.  
 
Another aspect for macroalgae co-digestion with household wastes, crops and reed on a 
large scale is that in case of crops and wastes the calculation is made with respect to the 
required energy capacity of hypothetic plant that is equal to 330 GWh/year. The energy 
balance for anaerobic digestion of macroalgae with reed is done with respect to their 
methane yield when proportion of substrates mixture is 50/50. Thus, if production of 
330 GWh/year by co-digestion of macroalgae with household wastes and crops gives the 
ratio of 0.53 (0.47) and 0.41 (0.36) at the lowest methane potential of macroalgae the 
output which equals to half of this energy (150 GWh/year) form macroalgae and reed 
gives the IO ratio of 0.62 (0.54). In such a way, it is possible to assume that macroalgae 
co-digestion with standard substrates on the large-scale can maintain positive energy 
balance at much higher biogas production capacity. This assumption is supported by the 
fact that even at the highest methane potential the IO ratios for small-scale scenario is 
sometimes larger than for large-scale where the energy output is 100 times higher. 
Moreover small-scale biogas plants have higher heating requirements per ton of 
substrate due to worse insulation and less amount of heat exchangers (Berglund and 
Börjesson, 2006). In this case increasing in scale improves energy balance of the system.    
 
However, in calculation of energy balance for crops such aspects as their cultivation and 
fertilization are not taken into account in this study. If the work would include energy 
input into the processes related to land cultivation and fertilizer production then energy 
balance for macroalgae co-digestion with crops would look less advantageous. This is 
due to the fact that cultivation and land use is the most energy demanding process 
(Pöschl, et al, 2010; Berglund and Börjesson, 2006) which also has adverse 
environmental effects such as soil erosion and nutrients runoff (Börjesson, 1999). With 
this regard “wild harvesting” of reed for anaerobic digestion might seems more 
preferable.  Advantage of wetland biomass utilization as a co-digestion substrate is that it 
doesn’t require additional energy, fertilizers or land area for cultivation as in the case 
with crops. Moreover the purpose of wetlands is to capture nutrients runoff from 
farmlands into the river and sea thus prevents eutrophication (Müller, 2010) which is 
now one of the major problems of the Baltic Sea (Gröndahl, 2009). At the same time 
crops cultivation requires production of artificial fertilizers responsible for nutrients 
inflow into the sea.  
 
Assessment made in Karlsson (2009) and results forund in Gröndahl, et al. (2009) also 
show a rather good perspective for macroalgae and reed utilization for biogas production 
and nutrients reduction in the Baltic Sea. However in the mentioned study the primary 
energy balance was performed for three stages of the process life-cycle and included 
harvesting, transportation and biogas production. Digestate handling that is one of the 
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most energy demanding stages discussed below as well as utilization of biogas in energy 
conversion systems was beyond the study boundaries. Also variations in methane output 
from macroalgae were not considered. In this case it is possible to assume that better 
energy balance ratios for anaerobic digestion of reed and macroalgae as a single 
substrate (Sara’s work, Gröndahl, et al, 2009) is stipulated by different system boundaries 
set up for assessment.       
 

5.2. Energy input to process stages  
Considering the stages of life-cycle that influence the overall energy balance by energy 
input requirements here results show the different trend from those presented by 
similar case studies (Pöschl, et al, 2010; Berglund and Börjesson, 2006).  Thus, biogas 
plant operation is the most energy demanding process for the small-scale scenario equal 
to 55 – 65 % of the whole energy input and the second energy consuming stage for the 
large-scale system with 17 – 28 % of input.  For the large-scale scenario lower fraction of 
biogas plant operation in total energy input is associated with high energy consumption 
at the upgrading stage that is not the case for the small-scale. 
 
In general these results correspond to those found in the mentioned studies that state 
that biogas plant operation takes 50 – 80 % of the whole energy input (Berglund and 
Börjesson, 2006). However, in the work by Pöschl, et al. (2010) there were no such a big 
dispersion in values for biogas plant operation on a small and large scale where 
difference in energy input into the process  was somewhere within 7 % (Pöschl, et al, 
2010).  
 
Besides operation efficiency of the biogas plant and process conditions high primary 
energy input values at this stage is also associated with value of electricity used to 
support the process. Thus, if production and distribution of 1 MJ of deiesel fuel 
consumed by trucks and  agricultural machinery is estimated to correspond to 1,1 MJ of 
primary energy then one MJ of electricity, used in biogas production and upgrading 
processes, corresponds to 2,2 MJ of primary energy (Berglund and Börjesson, 2006).     
 
The substrate pre-treatment is the second most energy demanding stage for the small-
scale scenario but only the fourth one for the large-scale system. This correlates to 
certain extend with results presented by Pöschl, et al. (2010). However in the last one 
feedstock pretreatment was combined with the energy crop cultivation process that is 
rather energy demanding by itself. However, in the given study the cultivation is not 
included in the study boundaries and thus pre-treatment is considered as a separate 
stage. And still comparing to the feedstock collection and transportation the pre-
treatment operation accounted for a high proportion of the primary energy input. Here 
the results greatly depend on the pretreatment technology and available data regarding 
energy consumption during this process.  
 
Following the pre-treatment stage the digestate handling is the second largest energy 
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demanding process on the small-scale and next after biogas plant operation on the large-
scale. The higher input for digestate handling operations on a large-scale (22 %) 
comparing to the small one (12 %) is associated with the transportation distance and 
amount of digestate. Thus, for the SS1 scenario where macroalgae are harvested on a 
small-scale and digested alone the 10,5 thousand tones of produced digestate 
transported to the distance of 10 km results in 10 % of energy input whereas for the LS4 
scenario this number rises up to 19 % due to the longer transportation distance of 40 km 
and 20 fold increase in digestate amount.  
 
High energy input associated with digestate handling comparing to other process stages 
differs from the results presented in earlier case studies where cultivation and handling 
of raw materials are the main energy demanding steps after biogas plant operation 
(Pöschl, et al, 2010; Berglund and Börjesson, 2006). This is due to the fact that in 
Berglund and Börjesson (2006) cultivation and handling of raw materials also include 
production of vehicles and fertilizers used on the field that explains higher energy 
demand. However, in the present case study cultivation and growing of crops is not 
taken into account and macroalgae, manure and reed doesn’t require cultivation at all. 
Thus, if for example the lay cropping demand 45 % of the whole energy input (Berglund 
and Börjesson, 2006) in given case harvesting of raw materials together with ensiling and 
transportation on both small and large scale do not exceed 26 %. 
 
Results also show the significant difference in energy input to the digestate processing 
and feedstock collection and transportation operations. This is especially the case for the 
large scale scenario where substrate harvesting, transportation and ensiling together 
requires 10 % less energy input then digestate handling alone. This is related to 
additional energy input for loading of digestate and its spreading on the farmlands. The 
exception is the option of macroalgae co-digestion with household wastes (LS2) where 
collection of household wastes accounts for 19 % of energy input making it the second 
most energy demanding step for the scenario. High energy input in this case associated 
with the long route for collection the necessary amount of household wastes resulted in 
additional fuel consumption. Similar results for substrate collection and transports is 
presented in other works (Berglund and  Börjesson, 2006;  Pöschl, et al, 2010).       
 

5.3. Discussion of uncertainties  
Differences between the presented results and previous energy balance assessments 
could be explained by higher uncertainty in the large scale results stipulated by lack of 
data regarding co digestion of macroalgae. 

 
According to results three process steps that demand most of the energy are biogas 
plant operation, biogas upgrading/feedstock pre-treatment and digestate handling 
processes. Energy demand at these stages are proportionally related to amount of 
feedstock that is digested at the plant since all energy input to the process steps are 
calculated with respect to MJ per ton of substrate. Here the basic assumptions are made 
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with regard to possible harvest of macroalgae, their co-digestion with other substrates 
and potential biogas production. Thus, amount of macroalgae that could be harvested 
and used during one year of production process conditions the amount of energy 
demand for biogas plant operation and substrate pre-treatment. In the same way 
estimations of the level of biogas output from anaerobic digestion of macroalgae and 
required  will affect the energy requirements for its upgrading  
 
In case of small-scale scenario the results of primary energy consumption at the 
mentioned processes are more accurate than for large-scale scenario due to known 
digester volume, process conditions and experimental data of methane output from co-
digestion of macroalgae with manure. In the large scale scenario calculations of energy 
input are based on possible harvest of substrate and required energy production 
capacity of hypothetic biogas plant. Thus, in this case amount of substrate that 
undergoes pretreatment and stipulate the energy input into biogas plant operation 
depends on amount of methane that is necessary to produce to fulfill the plant capacity. 
The higher methane potential of macroalgae the less amount of substrate is necessary to 
digest and thus, energy demand for plant operation decreases. However in this case 
more uncertainties arise due to lack of data of biogas output from co-digestion of 
macroalgae with other substrates such as household waste and crops.  

 
Biogas upgrading is another high energy demanding process on the large-scale. Energy 
requirement at this stage depends on the amount of produced biogas. Big numbers 
obtained in this case study and their significant difference from other assessments could 
be explained by the scale of the plant and its very high capacity since here it was 
considered that it is necessary to upgrade the biogas equivalent to 330 GWh/year of 
energy. There is no such plant of that high production capacity in Sweden today 
(Energigas Sverige, 2011). 
 
Energy demand for digestete handling operations depends on amount of feedstock that 
is digested at the plant, transportation distance and additional energy requirements for 
spreading of digestate on the field. Here the basic assumption is the amount of produced 
digestate per unit of substrate which in this case is assumed to be 1:1. However, in reality 
the substrate with high dry matter content (crops, household wastes) is diluted with 
water in order to achieve proper process conditions resulting in higher amount of 
digestate compared to substrate. In this case the numbers for digestate processing stage 
is supposed to be even greater due to larger amount of digestate that is necessary to 
transport and spread.  
 
Another assumption that could significantly influence the overall energy balance and 
energy input into digestate handling stage is the distance between the plant and arable 
land or energy forest plantation where the digestate is supposed to be spread. In the 
study it is assumed to be 10 km for small-scale scenario and 40 km for large-scale. 
Changes in primary energy input output ratio depending on the transportation distance 
is presented in the Figure 5.1. 
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 Figure 5.1. Dependence between input output ratio on transportation distance 
 
Here it is shown that macroalgae could be transported on distance for about 150 km in 
both small- and large-scale scenario (SS1 and LS4) while maintaining positive energy 
balance at the average rate of methane potential of macroalgae. At the same time co-
digestion with manure is viable in case of transportation distance of less than 70 km 
what is explained by low transportation efficiency of digeestate due to high moisture 
content. 
 
If the maximal distance for transportation of macroalgae would be considered the 
digestate handling would be the most energy demanding process. It also will affect the 
energy input associated with feedstock transportation supporting the large correlation 
between the locally available substrate with the positive energy balance of biogas 
production process (Figure 5.2). 
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Figure 5.2. Changing of energy input into the process at transportation distance of 150 
km 
 

6. Conclusion 
Assessment of the scenarios developed within the given study shows that biogas 
production from macroalgae is viable from an energy balance perspective only at the 
certain conditions. Thus digestion of newly harvested material that possess the highest 
methane potential or co-digestion with other common substrates will allow to maintain 
the positive energy balance of the system both on the small- and large-scale. Here, the 
results are greatly influenced by the available data of macroalgae methane potential 
obtained from various laboratory experiments and assumptions made regarding amount 
that could be harvested from the southern coast of the Baltic Sea. 
 
Calculations of primary energy input to each stage of process life cycle showed that 
processes that influence overall energy balance the most are biogas plant operation, 
feedstock pre-treatment and digestate handling for the small-scale scenario and biogas 
upgrading at the first place for large-scale system. Here the difference between scenarios 
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is mainly attributed to the additional process applied for upgrading of biogas which is 20 
times of the volume produced on the small-scale. Due to high energy demand for biogas 
upgrading the use of macroalagae as a single substrate for biogas production on a large-
scale seems less appropriate option, although more efficient when considering in co-
digestion with other common substrates. However, for the last case there is larger 
uncertainty stipulated by lack of dada regarding co-digestion of macroalgae. The results 
also show that energy demand of the small-scale biogas plant is much higher than large-
scale one which makes the latest scenario more energy efficient.  
 
Followed by biogas plant operation and feedstock pre-treatment the digestate handling 
appeared to be among the most energy demanding stage. However in this case the 
results greatly depend on the number of assumptions applied within the scenario. Apart 
from the amount of produced digestate and efficiency of its processing technologies that 
is accounted to the half of input at this stage, the transportation distance is another 
uncertainty that could affect the overall energy balance of biogas production process. 
Thus, the energy balance turns negative for both scenarios when feedstock and digestate 
transportation distance exceeds 150 km making the digestate handling stage the most 
energy demanding. This value is different for co-digestion scenario with manure when 
the balance remains positive at transportation distance less than 70 km which is 
explained by lower transportation efficiency of wet substrate.  In such a way positive 
energy balance of biogas production process will depend on locally available substrates 
due to shorter distance of feedstock and digestate transportation. 
 
Comparison of energy balance performed in the given study with earlier investigations 
showed that results differ to the greatest extends due to particular system boundaries. 
This makes it rather difficult to compare obtained results with other similar cases. Thus, 
taking into account such criteria as biogas potential, utilization of most common 
substrate such as crops will show better energy balance than in case of macroalgae 
utilization. However, expanding of system boundaries and considering such criteria as 
cultivation of land or production of fertilizers for crops growing could change the result 
significantly for the favor of wild harvesting. In this case it is possible to conclude that 
results of the energy balance analysis of a particular substrate and its feasibility for 
energy production will greatly depend on the processes and criteria that are considered 
within the chosen study boundaries.   
 
In general, consideration of the Baltic Sea marine resources for production of 
alteranative sources (energy, fertilizers etc.) should also take into account other benefits 
that could be gained through this activity besides energy production and thus should not 
be limited by energy balance assessment. In such a way utilization of macroalgae could 
also be considered for balancing the nutrient flow within the region or as a measure to 
reduce the adverse effects of algal blooms that are not taken into account in primary 
energy balance calculations.  
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7. Reccomendation 
Energy balance of the biogas production from macroalgae shows promising results. This 
makes the issues of marine biomass utilization as an energy source worth further 
investigations. Considering uncertainties and problems discussed in the given study the 
following aspects are recommended for future studies: 

1) In the given work the issue of macroalgae purification from Cd was 
considered only hypothetically. However it is one of the main obstacles for 
utilization of macroalgae for biogas production. Thus, more thorough 
research on application of heavy metals purification technics for removal of 
excess Cd from macroalgae is necessary; 

2) Positive energy balance depends on methane potential of macroalgae that 
decreases with storage of the material. Thus, definition of the most optimal 
harvesting period as well as consideration of different ensiling techniques 
(formic acid, lactic acid etc.) for preserving the organic material of 
macroalgae during long-term storage is important aspects for investigation; 

3) For assessment the potential of biogas production from macroalgae in 
mixture with other common substrates the experimental data on methane 
output from feedstock co-digestion is necessary; 

4)  To assess the viability of macroalgae utilization for production of alternative 
products another aspect such as nutrients flow, greenhouse gases emission, 
environmental benefits from substitution of fossil fuels should also be 
considered in system analysis;     

5) The full-scale utilization of macroalgae for biogas production on a local level 
in co-digestion with manure or other common substrate will give the better 
understanding of perspectives for their application as an energy source and 
provide more reliable data for further research in this area.  
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Appendix I.[Parameters for calculation of primary energy input and 
output] 
 

Parameter Symbol 
Material/Process/
Scale 

Unit Value Reference 

Primary Energy 
Conversion 
factor  

k 

Diesel MJ/l 42.6 
Berglund and  
Börjesson, 2005 

Energy MJ/kWh 7.2 

Estimated based on 
Thompson and 
Taylor (2008) and 
Berglund and  
Börjesson (2005)  

Methane MJ/Nm3 34.81 

Estimated based on 
Thompson and 
Taylor (2008) and 
Energigas Sverige 
(2007) 

Biogas (60% CH4) MJ/Nm3 23 

Estimated based on 
Thompson and 
Taylor (2008) and 
Energigas Sverige 
(2007) 

Loading capacity 
of wheel loader 

ι  t/hour 28 WAB, n.d. 

Diesel 
consumption  

m Wheel loader l/hour 16 WAB, n.d. 

nf 
Truck 40 t (full-
load) 

l/km 0.35 
Volvo Truck 
Corporation, 2006 

ne Truck 40 t (empty) l/km 0.25 
Volvo Truck 
Corporation, 2006 

Distance from 
collection site to 
storage place 

ε 
Small-scale  

km 
10 Estimated 

Large-scale 40 Estimated 

Amount of 
transported 
material  

σ  t/route 28 WAB, n.d. 

Energy demand 
for ensiling 

θ  MJ/t DM 150 Pöschl, et al, 2010 

Amount of 
macroalgae 
harvested 

Qa 
Small-scale t ww/year 10 500 Müller, 2010 

Large-scale t ww/year 239 270 
Davidsson and 
Turesson, 2008 

Dry matter 
content of 
substrate 

DM 
Macroalgae 

% of wet 
weight 

17 Estimated 

Manure % of wet 8 Energigas Sverige, 
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Parameter Symbol 
Material/Process/
Scale 

Unit Value Reference 

weight 2007 

Household wastes 
% of wet 
weight 

27 Banks, et al, 2010 

Crops (maize) 
% of wet 
weight 

37 Bruni, et al, 2010 

Crops (beet) 
% of wet 
weight 

20 
Lehtomäki and 
Björnsson, 2006 

Reed 
% of wet 
weight 

14 Müller, 2010 

Density of 
substrate 

τ Macroalgae t/m3 year 0.375 Dahl, et al., 2009 

Organic content 
of substrate 

VS 

Macroalgae % of DM 70 Estimated 

Manure % of DM 75 Dahl, et al., 2009 

Household wastes 
% of wet 
weight 

24 Banks, et al, 2010 

Crops (maize) 
% of wet 
weight 

36 Bruni, et al, 2010 

Crops (beet) 
% of wet 
weight 

18 
Lehtomäki and 
Björnsson, 2006 

Reed % of DM 91 Müller, 2010 

Methane yield ξ 

Macroalgae (low) 

Nm3/t VS 

125 Dahl, et al., 2009l 

Macroalgae 
(average) 

310 Estimated 

Macroalgae (high) 450 
Estimated based on 
Briand and Morand 
(1997) 

Manure+ 
Macroalgae 

250 Lundberg, 2011 

Reed+Macroalgae 268 Müller 13, 2010 

Energy content 
of methane 

ί  kWh/Nm3 9.67 
Energigas Sverige, 
2007 

Digester volume β Small-scale m3 1000 Dahl, et al., 2009l 

Digester organic 
load 

δ 

Small-scale 
(Macroalgae) 

kg VS/m3 
day 

3.5 Estimated  

Small-scale 
(Manure+Macroalg
ae) 

5 Estimated 

Electricity 
demand for pre-
treatment 

e  kWhel/t  15 
Estimated based on 
Cadoche and Lopez 
(1989) 

Heat demand h Small-scale MJ/t 250 Berglund and  
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Parameter Symbol 
Material/Process/
Scale 

Unit Value Reference 

for plant 
operation 

Large-scale 110 
Börjesson, 2005 

Electricity 
demand for 
plant operation 

λ 
Small-scale 

MJ/t 
33 

Berglund and  
Börjesson, 2005 Large-scale 66 

Energy demand 
for biogas 
upgrading 

ρ 

PSA 

kWh/Nm3 
biogas 

0.5 

Persson, 2003 
Water scrubbing  0.4 

Chemical 
absorption 

0.15 

Methane loss 
during 
upgrading 

υ 

PSA 

% 

3 

Petterson and 
Wellinger, 2009 

Water scrubbing  1 

Chemical 
absorption 

0.1 

Energy 
consumption by 
Cd-removal 
methods 

ω 

Macro filtration 

kWh/m3 

0.4 

Persson, 2011 
Ultra filtration 3 

Nano filtration 5.3 

Reverse osmosis 14.2 

Digestate drying χ 
Screw-press 

MJ/t 
4.3 

Pöschl, et al, 2010 
Sentrifuging 74.3 

Digestate 
loading 

γ  MJ/t 0.63 Pöschl, et al, 2010 

Digestate 
transportation 

ν  MJ/t km 2.84 Pöschl, et al, 2010 

Digestate 
spreading 

α  MJ/t  20.16 Pöschl, et al, 2010 

Electrical 
efficiency of the 
CHP plant, % 

η 
Small-scale 

% 
33 

Pöschl, et al, 2010 
Large-scale 40 

Thermal 
efficiency of the 
CHP, % 

ς 
Small-scale 

% 
50 

Pöschl, et al, 2010 
Large-scale 48 
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