
 © 2013 Society of Chemical Industry and John Wiley & Sons, Ltd  

Correspondence to: Martin L. Yarmush, Center for Engineering in Medicine, Department of Surgery, Massachusetts General Hospital, 

Harvard Medical School, Boston, MA 02114, USA.  E-mail: ireis@sbi.org

67

Modeling and Analysis

Proposed design of  distributed 
 macroalgal biorefi neries: 
 thermodynamics, bioconversion 
technology, and sustainability 
implications for developing 
economies
Alexander Golberg, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA 
Edward Vitkin, Technion, Haifa, Israel 
Gregory Linshiz, Joint BioEnergy Institute, Emeryville, CA and Lawrence Berkeley National Labs, 
Berkeley, CA, USA
Sabaa Ahmad Khan, McGill University, Montreal, Quebec, Canada  
Nathan J. Hillson, Joint BioEnergy Institute, Emeryville, CA, Lawrence Berkeley National Labs, 
Berkeley, CA, and DOE Joint Genome Institute, Walnut Creek, CA, USA
Zohar Yakhini, Technion, Haifa, Israel and Agilent Laboratories, Tel Aviv, Israel 
Martin L. Yarmush, Massachusetts General Hospital, Harvard Medical School, Boston, MA 
and Rutgers University, Pisacataway, NJ, USA

Received March 26, 2012; revised July 21, 2013; and accepted July 22, 2013
View online September 2, 2013 at Wiley Online Library (wileyonlinelibrary.com); DOI: 10.1002/bbb.1438;
Biofuels, Bioprod. Bioref. 8:67–82 (2014)

Abstract: Biomass to fuel programs are under research and development worldwide. The largest 
 biomass programs are underway in industrialized countries. In the coming decades, however, devel-
oping countries will be responsible for the major increase in transportation fuel demand. Although the 
lack of existing large-scale infrastructure and primary resources preclude oil refi ning in developing 
countries, this provides an opportunity for the rapid implementation of small-scale distributed biore-
fi neries to serve multiple communities locally. The principles for biorefi nery design, however, are still in 
their infancy.  This review sets a precedent in combining thermodynamic, metabolic, and sustainability 
analyses for biorefi nery design. We exemplify this approach through the design and optimization of 
a marine biorefi nery for an average town in rural India. In this combined model, we include sustain-
ability and legislation factors, intensive macro algae Ulva farming, and metabolic modeling of the bio-
logical two-step conversion of Ulva feedstock by a yeast (Saccharomyces cerevisiae), and then by a 
bacterium (Escherichia coli), into bioethanol. We hope that the model presented here will be useful in 
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solar energy and carbon dioxide (via plant photosynthe-
sis), biomass harvesting and processing, and distribution 
of bioenergy and other biomass-derived products. Th e 
process of designing a biorefi nery is a complex task and is 
largely infl uenced by local raw material supplies and socio-
economic conditions. 

Th e United States Department of Energy (DOE) recently 
published a multi-year plan for the strategic develop-
ment of biomass sources.1 Th is plan includes a large-scale 
(≥20 million gallons per year2), integrated network of 
biorefi neries, as shown in Fig. 1(a).3 In this plan, multiple 

 considering practical aspects of biorefi nery design. © 2013 Society of Chemical Industry and John 
Wiley & Sons, Ltd

Supporting information may be found in the online version of this article.
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Introduction 

T
he economically effi  cient and socially and envi-
ronmentally sustainable conversion of solar energy 
into valuable products is a major contemporary 

challenge for governments and businesses worldwide. 
Transportation fuels, electricity, heating, cooling, drink-
ing water, food, animal feed, chemicals, and materials are 
all potential products of solar energy conversion. One of 
the pathways to convert solar energy into useful products 
is biorefi ning.  Biorefi nery systems integrate the capture of 

(a)

(b)

(c)

Figure 1. Large-scale biorefi nery and global oil transportation systems. (a) US DOE Advanced Feedstock Processing 
Supply System. Figure courtesy of Idaho National Laboratory.3 (b) KIT Bioliq® process.3 © Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission. (c) Global crude oil transportation routes.5 Source Cedre, designed based on Comité 
Professionnel Du Pétrole, Pétrole 2004 : éléments statistiques – Design Hippocampe. Reproduced with permission.
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proposed the use of distributed networks of marine biore-
fi neries to supply transportation fuel needs to the rural 
population. Th e goal of this work is to provide a high-level 
modeling methodology for the design of biorefi neries to 
meet local needs for transportation energy in developing 
countries. We target these populations since the majority 
of new biofuel systems to be built in future years will serve 
their growing demands.10 We report on the combined 
thermodynamic, technological, and policy development 
aspects to design marine biorefi neries that will meet the 
needs for transportation fuel in developing countries. 
First, we provide the governing equations to optimize the 
biorefi nery size and the serviced area. Second, using a 
two-step yeast then bacteria fermentation model, we show 
how metabolic models of feedstock bioconversion into 
liquid fuels are integrated into overall biorefi nery design. 
Th ird, we discuss the sustainability and policy principles 
for the marine biorefi nery design. Our work implies that 
a combined analysis of biorefi nery components is neces-
sary to accelerate the sustainable implementation of biore-
fi neries in rural communities of developing countries, 
 enhancing local capacity to meet the growing local need 
for transportation fuel. 

Methodology

Th e goal of this section is to develop a set of governing 
equations for modeling and optimizing biorefi nery scale 
and service area size. We develop a set of equations for a 
single biorefi nery for a given population density and per 
capita transportation fuel consumption rate. In the follow-
ing section we describe the implementation of a suggested 
methodology for specifi c examples of macroalgal biorefi n-
ery design. 

Thermodynamic model for biorefi nery 
scale optimization

Our approach is inspired by Constructal design which 
demonstrates how the optimal distribution of products 
and services fl ows across a populated area depends on a 
balance between the size of the production centers and the 
sizes of distribution networks that connect these centers 
to end users.12–15 Although larger systems are thermody-
namically more effi  cient in production, they serve larger 
areas; thus, the collection and distribution logistical costs 
also increase with size,15–17 as do potential environmen-
tal impacts and public opposition.18 Th erefore, a balance 
exists between effi  ciencies of scale, distribution system 
losses, environmental impact, and public acceptance. Th is 

local biomass units harvest and process raw biomass, and 
ship biofuel intermediates to large-scale biorefi neries for 
subsequent fuel conversion, separation, processing, and 
distribution. A similar program, Bioliq®, under develop-
ment in Germany, is shown in Fig. 1(b).4 Th e cost of trans-
porting biomass to a biorefi nery provides an external limit 
to the size of the biorefi nery. Increasing biomass energy 
density to make transportation more cost-eff ective is one 
strategy pursued by biorefi nery programs to address this 
limitation. Th e approach of large-scale, integrated, biofuel 
 supply chains may provide solutions for industrialized 
countries with large urban populations, but their imple-
mentation will likely take tens of years, and uncertainty 
remains as to their overall sustainability. Adapting the 
large-scale biorefi nery concepts, described in Figs 1(a) and 
1(b) to a global scale may result in the worldwide trans-
port of biofuels or biofuel intermediates, as has already 
been shown,5 whereby countries with abundant biomass 
resources provide raw materials for large-scale biorefi ner-
ies in a few global locations. Extrapolating new biomass 
logistics systems to the global level could lead to a system 
resembling current global oil transport and processing 
where: (i) large deposits of oil are explored at few global 
locations; (ii) oil is transported via a small number of main 
routes to large-scale refi neries (Fig. 1(c));6 and (iii) refi ned 
products are distributed through local distribution chains. 
To avoid this, a global biofuel supply chain will need to 
prove social, economic, and environmental sustainability. 

Although the key biofuel programs are under develop-
ment in industrialized countries,7 the major growth in 
liquid fuel demand over the next 20 years will be predomi-
nantly due to rising consumption in developing coun-
tries.7,8 In Organization for Economic Co-operation and 
Development (OECD) countries, gross domestic product 
(GDP) is not linearly correlated to primary energy pro-
duction; however, in developing countries GDP growth 
requires an increase in primary energy production.8,9 Th e 
World Energy Council predicts that India and China will 
overtake developed countries in transportation fuel con-
sumption by 2025.10 Th erefore, the largest need for new 
refi nery infrastructure is in developing countries. 

Our work focuses on developing methods to design 
adaptable biorefi neries in order to meet transportation fuel 
demands on a small, local scale. Th is approach will enable 
multiple rural communities in developing countries, such 
as India, China, and countries in Africa, to generate and 
process biomass in order to supply local transportation 
fuel demands without relying on foreign production and 
refi ning. Recently, we introduced the concept of dis-
tributed marine macro-algae-based biorefi neries.11 We 
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Figure 3 depicts the thermodynamic model of the biore-
fi nery service area shown in Fig. 2. Fuel crops (residing in 
a fractional allocated area (nD)2) collect solar fl ux Qsolar. 
Photosynthesis, the conversion of solar energy to chemical 
energy stored in biomass, has limited effi  ciency (4–6%).22 
W0 is the photosynthesis solar energy loss. Th e result-
ing fuel crop biomass is harvested and transported to the 
biorefi nery, requiring a truck, train or a boat, which con-
sumes a certain amount of fuel per km of transport.

Th e feedstock collection energy loss W1 is related to 
transport length Lt by:

 W1 = c1Lt = Nm1 (2)

where c1 is the transportation vehicle effi  ciency coeffi  cient. 
French19 has shown that the total transportation length is 
proportional to the characteristic length of the area:

 Lt=c2nD (3)

where c2 is a proportion coeffi  cient.
Once delivered to the biorefi nery, the fuel crops are con-

verted to liquid fuels. Th e conversion effi  ciency depends 
on multiple factors such as crop type and processing 
technology. Previous analyses of biorefi neries23 and other 
power conversion systems17,24 suggest that conversion effi  -
ciency increases with biorefi nery size. W2 is the energy lost 
during the crop to fuel conversion process:

balance has been used for analyzing both the thermody-
namics of energy sources13–15 and the economics of agri-
cultural/biofuel systems.19–21 Applications of the balance 
principle have been demonstrated for various systems such 
as the thermodynamic optimization of hot water fl ow and 
heating,13 refrigeration,14 combined solar power and desal-
ination,15 and agricultural product processing econom-
ics.19 Th e balance principle has also led to proposals for 
distributed energy systems to optimize energy production 
size and service area.15 In this work we add biorefi neries to 
the distributed energy network (Fig. 2). 

Each biorefi nery collects feedstock biomass from the 
surrounding farming area of characteristic length scale 
nD, processes it to liquid biofuel, and then distributes the 
biofuel to the population at specifi c locations within the 
service area. Th e scheme of the local biorefi nery serving a 
network of biomass producers and liquid biofuel consum-
ers is depicted in Fig. 2. Th e service area is parameterized 
by characteristic length D, population size N, population 
density ρ, and per capita transportation fuel consump-
tion rate m1. Th e area D2, through which the population 
is homogeneously spread, provides space for food and fuel 
crops, and solar energy systems. Th e rate of biorefi nery 
transportation biofuel production that exactly meets the 
population’s demand is given by: 

 m = m1N = m1ρD2 (1)
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Figure 2. Scheme of a single biorefi nery service area with characteristic length D. 
Feedstock is supplied by multiple local producers concentrated within an area of 
characteristic length scale nD around the biorefi nery. The produced liquid fuel is 
consumed within the service area.
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With increasing service area characteristic length D, the 
fi rst and the third terms of Eqn (10) increase, while the 
second term decreases. In order to fi nd the optimal service 
area leading to minimal energy loss per consumer, we dif-
ferentiate WN–1 with respect to D and solve for Dopt, zero-
ing the derivative: 
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Th e scale factor α was found to be approximately 0.7 for 
biorefi neries.25 Th us for Dopt and mopt, we have:

 Dopt = 0.73  (   c1 __ c3
   ) –0.63 (m1ρ)–0.19 (c2n + c4)–0.63 (13)

 mopt = m1 ρ D opt  
2
   (14)

or:

 mopt = 0.53  (   c1 __ c3
   ) –1.26 (m1ρ)0.62 (c2n + c4)–1.26 (15)

Th e maximum effi  ciency of a local biorefi nery is:

 hmax = 1–   Wmin ___________ 
Qsolar(nDopt)2   (16)

where Wmin is the minimum wasted energy. Wmin  is 
obtained when the biorefi nery serves the area Dopt.
Th erefore, 

hmax = 1–   
W0 + c1c2nm1NDopt + c3(m1 ρ D opt  

2
  )α+ c1c4m1NDopt

    ________________________________________   
Qsolar(nDopt)2   

 (17)

 W2 = c3mα (4)

where α is a scale factor (α < 1) and c3 is a proportion 
coeffi  cient. 

Finally, the produced biofuel is distributed to consumers 
(Fig. 3). Th e biofuel distribution energy loss is given by:

 W3 = c1LdNm1 (5)

where the length of distribution roads (Ld) depends on the 
service area characteristic length as follows:19

 Ld = c4D (6)

where c4 is a proportion coeffi  cient. 
Th e following equation describes the overall energy bal-

ance for conversion of solar energy to transportation fuel 
in our model:

 Wu = Qsolar(nD)2 – W0 – W1 – W2 – W3 (7)

In order to maximize the total useful energy (Wu), it is 
necessary to minimize the energy losses. We assume that 
the photosynthetic energy losses are location and bioen-
ergy crop specifi c. A review of photosynthetic effi  ciency 
optimization can be found in Zhu et al.22 Here, we seek to 
minimize W, the aggregate feedstock collection, conver-
sion, and fuel distribution energetic losses:

 W = W1 + W2 + W3 (8)
or:

 W = c1LtNm1 + c3mα + c1LdNm1 (9)

Equations (1) to (9) lead to the total energy loss per con-
sumer for producing and distributing biofuel:

WN–1 = c1c2nDm1 + c3D2α–2m1
αρα–1 + c1c4Dm1 (10)
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Photosynthesis
efficiency

Fuel
consumption

Conversion
efficiency

W1 W2

Biofuel
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Biomass
Farm

BiorefineryCollection truck Distribution truck

Figure 3. Thermodynamic model of a biorefi nery producing liquid trans-
portation biofuel.  Qsolar is the solar energy fl ux, W0 is the photosynthesis 
energy loss, W1 is the biomass collection energy loss, W2 is the fuel conver-
sion energy loss, W3 is the fuel distribution energy loss, and Wu is the total 
useable transportation fuel energy supplied to the population.
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 development, utilize animal fat, lignocellulosic biomass, 
and algae feedstocks; and produce hydrotreated vegetable 
oil, cellulosic-ethanol, biomass-to-liquids (BtL)-diesel, 
bio-butanol, and advanced drop-in replacement fuels such 
as fatty-acid ethyl esters, alkanes, alkenes, terpenes, and 
methyl ketones.7,27–31 A large portfolio of thermochemical 
and biological conversion technologies is under develop-
ment in large-scale biomass programs. Despite the prom-
ise of biofuel to satisfy a signifi cant portion of the future 
demand for transportation fuel,  the perceived competi-
tion between ‘energy crops’ and ‘food crops’ for land and 
water resources is a growing concern.7,32 Furthermore, 
the extent to which land erosion, potable water consump-
tion, fertilizers, pesticides, biodiversity and climate change 
impact biofuel sustainability have yet to be evaluated.33 

Concerns over net energy balance, land and potable 
water use, and environmental hazards, question the sus-
tainability of a corn/sugar cane biofuel future.7,24,25,32–35 
While lignocellulosic feedstock alternatives do not directly 
compete with the food supply, they may not be able to 
fully address land and potable water use, and environ-
mental hazard concerns. In many locations around the 
world, arable land and potable water are scarce, but fuel 
demand exists. Furthermore, the technology required 
to release and ferment sugars from lignocellulose is still 
challenging.2,36–38

Macro algae, which contain very little lignin and do not 
compete with food crops for arable land or potable water, 
are potential additional candidates for future transporta-
tion fuel feedstocks.28,39–42 Both developed and develop-
ing countries have recently reported effi  cient conversion 
of macro algae to transportation fuels.28,43 Various green, 
red, and brown macro algae species are under evaluation 
for inland and off shore cultivation.28,39,44 Th e macro algae 
from Ulva sp. is of particular interest due to fast growth 
rates41,45 and high carbohydrate content. Yantovski45 has 
proposed land grown Ulva for the production of 100% 
of electricity supply in Israel. Nevertheless, technologi-
cal immaturity at large-scale (~100 km2 of cultivation are 
required per GW of power) limit the immediate imple-
mentation of this program. As we show in this paper, 
however, with the currently available level of technology 
it is possible to design and build smaller scale systems for 
developing economies. 

Intensive Ulva sp. farming

Th ere are three major approaches to macro algae biomass 
production. Th e fi rst is the direct harvest of drift ing macro 
algae from ocean shores. Although the production cost of 
this approach is low, material availability and  composition 

From Eqns (14) and (15) we see that the optimal service 
area decreases with increasing population density and 
per capita fuel consumption rate. In addition, the optimal 
biorefi nery size grows as does  m 1  0.62  for the per capita fuel 
consumption rate and as ρ0.62 for the population density. 
Th us, as population density and per capita fuel consump-
tion increase, we anticipate that biorefi nery density and 
size will also increase. 

In summary, we fi nd that the optimal service area of a 
biorefi nery decreases with increasing population density 
and per capita fuel consumption. Th is fi nding is in agree-
ment with previously reported economic analyses.19,21 

Crop sustainability index (CSI)

As soon as biofuel crops began to play a signifi cant eco-
nomic role, concerns were raised over their possible com-
petition with food crops for arable land and potable water 
(and thus their potential threat to global food prices), as 
well as their potential adverse impact on the environ-
ment due to increased fertilizer and pesticide use (26). 
Following triple-P (profi t, planet, and people) bottom line 
sustainability accounting principles, we propose sustain-
ability metric for a biofuel feedstock crop as follows:

CSI = m–1(s1 W 0  –1  + s2 W 2  –1  + s3PW–1+ s4Ch–1 + s5J) (18)

where CSI is the crop sustainability index, PW is the 
potable water used for irrigation of biomass processed by 
a single biorefi nery, Ch are the accumulative tonnage of 
chemicals introduced to the environment during biomass 
cultivation, and J is the number of new jobs created. Each 
society may diff erentially weigh (s1–s5) the separate factors 
contributing to the CSI according to its unique set of cir-
cumstances important for local population. 

As biofuel capacity increases, the choice and source of 
raw material will become increasingly important. Th e 
distribution of local resources such as land and water will 
prescribe the type of crops used for biofuels. In this sce-
nario, metrics such as CSI will contribute to crop choice 
decision making.

Macro algae as an energy crop

Th e proper choice of raw biomass material is critical to 
ensuring the effi  cient production of transportation bio-
fuels.  First-generation feedstocks include sugar cane, 
sugar beets, starch-bearing grains, and conventional 
vegetable oil crops; while fi rst-generation fuel products 
include ethanol and biodiesel.7 Second- and third-gen-
eration biofuel technologies, currently in research and 
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Challenges and possibilities of Ulva 
bioconversion

Until recently, macroalgal biofuels have not been deployed 
as lignocelluloses feedstocks, despite potential advantages 
in reduced land and sea water use, and in comparison with 
micro algae, lower energy inputs for cultivation and har-
vesting. Limitations of macroalgal biofuels feedstock are 
the availability of enzymes to decompose specifi c macro 
algae polysaccharides (such as ulvan), as well as the lack 
of tractable microorganisms that can effi  ciently convert 
the resulting mono-saccharides, mainly xylose and rham-
nose, into biofuels. Nevertheless, as evident from recent 
reports,52–54 industrial research institutions and enzyme 
producing  companies have started to pursue macro algae 
conversion eff orts. 

Xylose and rhamnose, resulting from hemicellulose and 
ulvan decomposition, oft en comprise up to 29% of bio-
mass.55 Th e yeast S. cerevisiae, one of the most promising 
organisms for biomass-derived biofuel production, poorly 
utilizes these sugars. Due to high carbohydrate content, 
theoretically up to 60%  of the dry biomass in Ulva sp. 
could be fermented into ethanol.56 However, current etha-
nol yields for S. cerevisiae Ulva bioconversion are reported 
at only ~14% of biomass dry weight (dw).56 To make macro 
algae Ulva competitive with lignocellulosic ethanol pro-
duction, average yields should be increased to 20–25%.57 
Th e multiple economic, cultivation, and environmental 
advantages of Ulva feedstock (listed above) provided 
improvements in biomass processing technology, would 
make Ulva sp. a preferable biofuel feedstock, especially in 
coastal regions. In coastal areas, climatic conditions may 
be suitable for Ulva cultivation, while the production of 
lignocellulosic plant biomass may be limited due to limited 
land and fresh water resources. 

Here, we develop a methodology for modeling Ulva bio-
conversion to bioethanol. We apply the approach to the 
design of a two-step sequential Ulva fermentation process 
using metabolic models for ethanol production. In the fi rst 
step, decomposed Ulva biomass is fed to S. cerevisiae for 
conversion into ethanol. In the second step, fermentation 
left overs (including xylose) and the S. cerevisiae biomass 
resulting from fi rst step are fermented by E. coli to produce 
additional ethanol.

We model three possible scenarios of Ulva biocon-
version into ethanol. Model 1 (Table 1) consists of a 
one-step fermentation by wild type S. cerevisiae, with 
no ulvan decomposition or xylose uptake by S. cer-
evisiae. Model 1 predicts minimal ethanol yields of 
15.6% of dry weight (dw), which is comparable to the 

vary with climate, season, local agricultural effl  uents, 
etc., making it unsuitable for continuous fuel production. 
Extensive and intensive macro algae farming,46 constitute 
the second and third approaches. Th ough extensive macro 
algae farming does not require mechanical mixing or 
active fertilization, it yields 3–4 times less than intensive 
cultivation.47,48 Intensive Ulva farming systems have been 
previously reported.41,49 Th e basic system includes: farm-
ing ponds, energy, fertilizers, and CO2 supply for biomass 
cultivation and refi neries for conversion into biofuel.

Achieving intensifi ed biomass yields in on-shore macro 
algae cultivation ponds requires additional electrical power 
for mechanical mixing during active photosynthesis.48 
Since this additional power is only required during the 
day, we propose solar photo-voltaic (PV) systems to gener-
ate the required energy, thus integrating solar electrical 
power generation with intensive macro algae cultivation. 
Based on previous analyses of distributed desalination sys-
tems,15 we suggested a central solar power station to supply 
electricity to the network of local cultivation facilities and 
refi neries.11 Th e primary analysis of the infrastructure, 
PV system size, fertilizers demand and CO2 demand for 
intensive macro algae cultivation appears in our previous 
work.11 Th us, modular biorefi neries will be integrated into 
distributed energy networks, with electricity supplied from 
a large central facility, as proposed by Lorente et al.,15 and 
biofuels will be produced locally at each biorefi nery.11 An 
additional assumption made in this model is that it is pos-
sible to use waste CO2 from local industry. Combining CO2 
mitigation with macro algae cultivation has been reported 
 previously.50 Fertilization can be achieved through 
direct fertilizer input, circulating combined aquaculture 
 systems,49,51 or by circulating fresh sea water with natural 
nutrients. Nevertheless, nutrients lost to mixing between 
the cultivation ponds and open coastal waters could nega-
tively aff ect both economics and sustainability. 

Although intensive cultivation demands mixing energy 
and fertilization, the system leads to controllable, year-
round production of biomass with constant chemical 
composition. Th e macro algae cultivation system pro-
posed here consists of multiple ponds with mixing wheels 
and fertilization mechanisms. Due to its effi  ciency, the 
relatively low-tech system can be manufactured onsite in 
developing countries without sophisticated equipment.

Biological conversion of Ulva lactuca 
into biofuel

In this section, we analyze several scenarios for biocon-
version of Ulva lactuca into ethanol using computational 
metabolic modeling.
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using the COBRA Toolbox.63 We used the Yeast5 model64 
for the S. cerevisiae simulations and the iJO1366 model65 
for E. coli simulations. Th e chemical composition of Ulva 
lactuca used in the modeling is shown in Table 2, the 
chemical composition of fi bers was used as described in 
the references.66–68 For further simplifi cation, we assumed 
that all macromolecules have been depolymerized before 
the bioconversion process. 

In all simulations, we were interested in two major 
outputs:  ethanol yield and carbon utilization. Th e simu-
lations were performed under anaerobic conditions 
assuming a 1 g of Ulva lactuca uptake for 1 g dry weight 
of E.coli in 1 h. Carbon utilization yield (CUY) is calcu-
lated as 

 CUY =   Cethanol ______ Culva
   (19)

where Cethanol is the number of carbons converted by 
organism into ethanol, CUlva is the number of carbons in 
Ulva. Th e fraction of energy wasted on the bioconversion 
process (w2) is calculated using Eqn (20):

 w2 = 1–   methanol · Hethanol  _____________  mulva · Hulva
   (20)

where methanol is the mass of ethanol produced, mulva 
is the mass of Ulva consumed, and H is the maximum 
heat of combustion. H for Ulva is 19 kJ g–1 (45) and for 
ethanol is 30 kJ g–1. 69 Our modeling approach enables 
rapid estimation of biomass conversion yields and sug-
gests directions for optimization of Ulva bioconversion 
processing. 

 experimentally-determined 14% yield (56). Model 2 con-
sists of a two-step fermentation by S. cerevisiae and then 
by E. coli, with no ulvan decomposition or xylose uptake 
by S. cerevisiae. Model 3 consists of a two-step fermenta-
tion combined with full ulvan polysaccharide degrada-
tion and xylose utilization by S. cerevisiae. Both models 
2 and 3 assume that E. coli, which we always assume to 
be the second fermentation stage, digests Ulva remnants, 
such as rhamnose, together with all S. cerevisiae bio-
mass. Although the technology required for Model 3 has 
yet to be realized, it presents a theoretical Ulva biocon-
version process for comparative purposes. Analysis of 
these three models using the methods explained below, 
provides estimates of carbon uptake, CO2 emission, car-
bon utilization yields, and energy waste (w2) during the 
bioconversion process. 

Metabolic modeling methods

Metabolic analysis simulations of Ulva utilization and 
ethanol production were performed according to a com-
monly used Flux Balance Analysis (FBA) methodology. 
Th is method analyzes internal reaction fl uxes based solely 
on simple physical-chemical constraints without requiring 
exact enzyme kinetic data. Specifi cally, such a methodol-
ogy enables the prediction of biomass production rates 
based only on reaction stoichiometry and directionality. 
FBA-based approaches have a wide range of applica-
tions including phenotype analysis, bioengineering, and 
metabolic model reconstructions.58–62 FBA is a sub-class 
of constraint-based modeling (CBM) frameworks that 
analyzes metabolic network behavior by utilizing known 
network structure (reaction stoichiometry) and metabolic 
fl ux constraints. Th e CBM framework linearly constrains 
possible reaction fl uxes, leading to a range of feasible fl ux 
values for each reaction in the model. Th e detailed descrip-
tion of the analysis framework used in this study appears 
in Appendix 1. Specifi cally, we estimated minimal and 
maximal theoretical ethanol production rates under the 
assumption that bacterial growing rate is at least 95% of its 
theoretical maximum. All the simulations were performed 

Table 1. Scenarios for Ulva bioconversion 
simulations.

Model 
Number

Step 1 
S. cerevisiae

Step 2
E. coli

Full ulvan decomposi-
tion and xylose uptake 

by S. cerevisiae

1 + – –

2 + + –

3 + + +

Table 2. Ulva chemical composition used 
in the modeling.

Total composition
Mean 

(%w/w)

Dry matter (%) 85.05

Ash 19.59

Protein 8.46

Lipid 7.87

  Saturated fatty acids (SAFA) lipids (g/100g lipids) 68.97

  Monounsaturated fatty acids (MUFA) lipids 
(g/100g lipids) 24.32

  Polyunsaturated fatty acids (PUFA) lipids 
(g/100g lipids) 6.73

Soluble sugars 0.64

Uronic acid 9.97

Total dietary fi ber 54.9

 Insoluble fi ber 34.37

 Soluble fi ber 20.53
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Removing ulvan decomposition and xylose uptake by 
S. cerevisiae (Model 2), reduces average ethanol yields 
to 25%. Th erefore, ulvan decomposition and/or xylose 
utilization are important constituents of the Ulva bio-
processing process, and developing effi  cient technologies 
that further enable these processes would signifi cantly 
contribute to the optimization of Ulva biofuel conversion. 
Th ese fi ndings indicate potential future directions for Ulva 
bioconversion improvement.

Comparing Models 1 and 2 shows a 7% yield advantage 
when performing the sequential two-step fermentation by 
S. cerevisiae and then by E. coli over the one-step fermen-
tation by S. cerevisiae alone. Th is yield advantage results 
from the E. coli capacity to consume xylose and rhamnose. 
Performing the two-step fermentation reduced energy 
waste by ~34% during the conversion process (w2model1 
vs w2model3). Th e modeling results shown in Table 3 have 
important implications for biorefi nery design, and they 
project the biomass required for biofuel production. 

We have analyzed and proposed a novel biotechnology 
process for Ulva polysaccharide saccharifi cation, with 

Metabolic models simulations results 
and implications

Figure 4 depicts the conversion of Ulva lactuca into 
bioethanol using the two-step sequential fermentation by 
S. cerevisiae and then by E. coli as described in the Model 
3 (Table 1). In this model, we assume full ulvan decom-
position into monosaccharides, we also assume  xylose 
utilization by S. cerevisiae. Rhamnose (and other compo-
nents not consumed by S. cerevisiae) and the S. cerevisiae 
biomass resulting from the fi rst fermentation step are then 
fermented by E. coli in the second step.  

Simulation results are presented in Table 3. Th e highest 
ethanol yields are achieved when performing two-step 
sequential fermentation by S. cerevisiae and then by E. coli, 
with full ulvan decomposition and xylose uptake by S. 
cerevisiae (Model 3). Th e resulting yield predictions of 
31–34.8% are close to the maximum theoretical ethanol 
production.57 Currently, there is neither commercially 
available technology for full ulvan decomposition and nor 
S. cerevisiae strain capable of effi  ciently utilizing xylose. 

Figure 4. Schematic representation of the two-step bioconversion of Ulva feedstock into bioethanol - Model 3 (Table 1).
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socio-economic benefi ts while preserving biodiversity.  In 
this regard, there still remain signifi cant knowledge gaps 
on the full possible external eff ects of marine biorefi neries, 
for example with respect to how the use of sea water for 
algae cultivation may impact the marine ecosystem, and 
the potential risks associated to the release of genetically 
manipulated algae into the natural environment. A com-
prehensive sustainability assessment of marine biorefi ner-
ies is necessary, one that that moves beyond the traditional 
two-parameter focus on non-renewable energy use and 
GHG emissions, to incorporate economic, environmental, 
and social dimensions. 

One of the most complex challenges regarding bioenergy 
is to understand what constitutes the sustainable produc-
tion of biomass and biofuel, and how such processes can 
be measured and promoted. Th ere has already been exten-
sive work done, under various international, regional, and 
national multistakeholder initiatives, on the application of 
sustainability principles and criteria to biomass produc-
tion. Th e development of sustainable biomass certifi ca-
tion schemes is on the way. To date, most sustainability 
and certifi cation frameworks for biofuels have focused on 
classical agricultural feedstocks such as soy, sugarcane, 
and palm oil. Since 2007, the Roundtable on Sustainable 
Biofuels (RSB), an international multistakeholder initiative 
based in Switzerland, has been working towards the adop-
tion of a global set of sustainability standards applicable to 
any biofuel feedstock worldwide. Th e RSB’s Principles & 
Criteria for Sustainable Biofuels (RSB-STD-01-001) con-
tain guidelines on best practices in biofuel production and 
processing, specifying requirements for the certifi cation 
of sustainable biofuel operations along the entire supply 
chain. Version 2 of the RSB Principles & Criteria came 
into eff ect on January 1, 2011 aft er several rounds of global 
stakeholder and public consultation. Th e four diff erent 
operators subject to sustainability requirements under the 
RSB Principles & Criteria include producers and proces-
sors of feedstock, and producers and blenders of biofuels. 

Th e RSB Principles & Criteria provide valuable insights 
into the complete set of social, environmental and 

 subsequent fermentation and production of ethanol.  With 
the two-step fermentation technology as described in 
Model 2, we propose to signifi cantly increase total etha-
nol yield from the currently reported maximum of 14%41 
to 22–27% using the appropriate available organisms at 
each step. Th is advancement would make macro algae 
Ulva competitive with lignocellulosic ethanol produc-
tion, which has average yields of about 23–25%.70 Th e 
FBA-based modeling approach introduced here provides 
numerical estimates of carbon utilization yield, total 
wasted energy and other interesting characteristics result-
ing from changing model parameters. Th is framework can 
be useful in studying other properties related to the proc-
ess and is therefore of more general utility.

Sustainability and legal aspects 
of marine biorefi nery design

Global policy debates on energy and climate have led 
governments in both post-industrialized and developing 
countries to adopt national legislative strategies aimed at 
reducing greenhouse gas (GHG) emissions, promoting 
clean energy production and enhancing energy security. 
Current and future national energy and environmental 
policies are likely to continue investments in the develop-
ment of biofuel technologies as sustainable alternatives to 
fossil fuel exploitation. At the same time, fi rst-generation 
biofuel production processes continue to raise social and 
environmental sustainability concerns, because of their 
reliance on agricultural lands, and their use of pesticides 
and potable water. National targets for bioenergy, along 
with subsidy programs to promote biofuel crops, have 
resulted in large-scale, albeit possibly unsustainable, 
biofuel production. Th e marine biorefi nery model pro-
posed here overcomes these issues to a large extent, but 
must also be put to a vigorous sustainability assessment, 
in order to fully understand its potential eff ects on the 
coastal ecosystem and on the livelihoods of indigenous 
and local communities. Sustainability of the proposed 
model would depend largely on its potential to generate 

Table 3. Results of metabolic modeling of bioconversion.

Carbon Uptake [%C] Emission of CO2 [%C] Ethanol Production (min-max) %dw CUY (min-max) w2 (max-min)

Model 1 40.25% 11.28% 15.6–19.9% 19.00–24.23% 0.754–0.686

Model 2 68.17% 16.59% 22.8–27.2% 27.77–33.12% 0.640–0.571

Model 3 83.55% 22.24% 31–34.8% 37.75–42.38% 0.511–0.451

*Carbon utilization yield, as appears in Eqn (19).
** Energy wasted on the bioconversion process as appears in Eqn (19).
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prompted the 10th Conference of the Parties of the CBD to 
adopt Decision X/37 (73) on Biofuels and Biodiversity. Th e 
decision sets out as its guiding principle the promotion of 
the positive and minimization or avoidance of the negative 
impacts of biofuels on biodiversity, and emphasizes the 
critical participatory role of indigenous and local com-
munities in the elaboration and improvement of biofuel 
policy. A recent report74 by the Secretariat of the CBD 
highlights the sustainable potential of small-scale biofuel 
production based on non-agricultural land, yet stresses 
the need to further develop sustainability standards, to 
conduct full life-cycle analyses and to engage all relevant 
stakeholders in decision-making on the development of 
biofuels. 

In light of the growing importance of conservation 
and of the sustainable management of coastal environ-
ments, the location of marine biorefi neries should only 
be undertaken with due consideration to the full range of 
environmental aspects, including whether the proposed 
infrastructure could aggravate coastal erosion, destroy 
native habitats, interfere with migratory patterns, or oth-
erwise endanger fauna and fl ora. Equally important is an 
evaluation of the social aspects, which includes the poten-
tial displacement of local communities and businesses, 
and possible land-use confl icts. Local and state-level 

 economic issues that must be addressed in the planning 
and implementation of biorefi nery concepts, providing 
stakeholders with a solid basis for informed and inclusive 
decision making. Th e 12 Principles contained in Version 2 
of the RSB Principles and Criteria are outlined in Table 4.

Each RSB principle has an associated set of criteria and 
detailed compliance indicators.72 Th e RSB also provides 
comprehensive guidelines on the implementation of the 
diff erent impact assessments and stakeholder engage-
ment processes required under various RSB Principles & 
Criteria. To gain better insight into the range of sustain-
ability benefi ts of the coastal macro algae biorefi nery, 
any potential implementation of the concept should be 
assessed under the RSB Principles & Criteria. 

Th e question of protecting biodiversity (RSB Principle 
7) merits particular attention, in light of new develop-
ments under the Convention on Biodiversity (CBD), an 
international agreement which aims to conserve biological 
diversity, to foster the sustainable use of the components 
of biological diversity and to achieve the fair and equita-
ble sharing of the benefi ts arising from the use of genetic 
resources. Th e CBD came into eff ect in 1993 and currently 
has 193 member countries. 

Th e many uncertainties related to the social and envi-
ronmental impacts of intensifi ed biofuel production 

Table 4. Version 2 of the RSB Principles.71

Principle Regulation

1 Legality Biofuel operations shall follow all applicable international, national and local laws and regulations.

2 Planning, Monitoring and 
Continuous Improvement

Sustainable biofuel operations shall be planned, implemented, and continuously improved through an 
open, transparent, and consultative impact assessment and management process and an economic 
viability analysis.

3 Greenhouse Gas Emissions Biofuels shall contribute to climate change mitigation by signifi cantly reducing lifecycle GHG emissions 
as compared to fossil fuels.

4 Human and Labour Rights Biofuel operations shall not violate human rights or labor rights, and shall promote decent work and the 
well-being of workers.

5 Rural and Social 
Development

In regions of poverty, biofuel operations shall contribute to the social and economic development of 
local, rural and indigenous people and communities.

6 Local Food Security Biofuel operations shall ensure the human right to adequate food and improve food security in food 
insecure regions.

7 Conservation Biofuel operations shall avoid negative impacts on biodiversity, ecosystems, and conservation values.

8 Soil Biofuel operations shall implement practices that seek to reverse soil degradation and/or maintain soil 
health.

9 Water Biofuel operations shall maintain or enhance the quality and quantity of surface and ground water 
resources, and respect prior formal or customary water rights.

10 Air Air pollution from biofuel operations shall be minimized along the supply chain.

11 Use of Technology, Inputs 
and Management of Waste

The use of technologies in biofuel operations shall seek to maximize production effi ciency and social 
and environmental performance, and minimize the risk of damages to the environment and people.

12 Land Rights Biofuel operations shall respect land rights and land use rights.
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protection of soil, water and air resources (RSB Principles 
8, 9, 10) and CO2 mitigation (Principle 3). Moreover, as 
macro algae production does not compete for arable land 
or potable water, it is more likely to support rural and 
social development (RSB Principle 5) than the production 
of previous generation feedstocks, particularly through the 
implementation of small-scale cultivation systems such as 
the low-tech system proposed here, which may be assem-
bled and maintained by local communities in developing 
countries. As for issues of legal conformity (RSB Principle 
1), planning, monitoring and improvement processes (RSB 
Principle 2) and respect for labor, human and land rights 
(RSB Principles 4 and 12), sustainability performance 
will evidently depend on the specifi c geographical set-
ting, political context, actors involved, processes followed 
and agreements concluded. Similarly, no general conclu-
sions can be drawn with respect to the impact of macro 
algae cultivation on the conservation of biodiversity (RSB 
Principle 7), the maximization of social and environmen-
tal performance, or the minimization of risks to the envi-
ronment and people (RSB Principle 11), all of which will 
depend on the specifi c context of implementation.

Marine biorefi nery design for a rural 
town in India

Th e goal of this section is to demonstrate the implementa-
tion of the developed models for the design of the Ulva 
feedstock based biorefi nery to supply transportation fuel 
needed for an average town in rural India. 

In 2005, the annual per capita transportation fuel con-
sumption in India was 9.9 L.78 Analysis of the population 
distribution79 shows that the average town in coastal rural 
India has 15 000–25 000 inhabitants. In this model, we 
assume that economic growth drives the growth in per-
sonal fuel consumption to 20 L of gasoline per person per 
year. Th erefore, the local biorefi nery should supply about 
400 000 L of gasoline equivalent per year. If bioethanol is 
chosen as a biofuel, then ~627 000 L per year production 
capacity is needed to produce bioethanol with the equiva-
lent combustion heat value as 400 000 L of gasoline. 

Results from modeling of two-step fermentation by the 
S. cerevisiae and E. coli of Ulva imply that the biorefi nery 
will consume 2000 ton of Ulva lactuca per year. Recent 
work on Ulva intensive cultivation reported production 
rates of up to 45 ton DW per ha.56 Th erefore, a total area of 
45 ha of ponds will be needed to supply 100% of transpor-
tation needs for this model town. Our results are of partic-
ular interest, as biorefi neries of 627 000 L (167 000 gallons) 
per year capacity are already available today on the market. 

 regulations on environmental and endangered species 
protection and land zoning rules must be fully consid-
ered. Th e RSB Principles & Criteria provide a cohesive 
and holistic framework for the treatment of these issues, 
amongst others. 

Amongst prominent legal considerations is the shar-
ing of benefi ts derived from biofuel production in light of 
the Nagoya Protocol,75 a supplementary agreement to the 
CBD, which provides a legal framework for the fair and 
equitable sharing of benefi ts arising out of the utilization 
of genetic resources, within the scope of the CBD, Article 
12 in the Nagoya Protocol.75 While the Nagoya Protocol 
has yet to come into force, it is anticipated that the legally 
binding instrument will provide incentives to countries 
to conserve biological diversity and to enable the sustain-
able and equitable use of biological resources. Th e protocol 
primarily provides for fair and equitable benefi t sharing 
between states, but also entails strong mechanisms to 
protect the rights of indigenous and local communi-
ties, in requiring that states support the development of 
community protocols. Th ese are instruments developed 
by indigenous and local communities that outline their 
customary land and resources rights and also provide the 
terms and procedures for access to and fair and equitable 
sharing of benefi ts arising out of traditional knowledge 
associated with genetic resources. Under community 
protocols, indigenous and local communities may decide 
the terms under which their knowledge may be used, and 
their biological resources accessed. Th us, they can defi ne 
the coeffi  cients for CSI, Eqn (18), which we expect will 
assist in crop choice. Community protocols have already 
been successfully implemented by several communities in 
Latin America, Asia, and Africa, in a wide variety of con-
texts.76,77 Providing an eff ective rights-based tool to com-
munities to minimize risks of exploitation, to secure their 
continued access to land and resources, and to enhance 
their negotiating capacity vis-à-vis companies that wish 
to develop new products from biological resources, com-
munity protocols are likely to play a critical role in the sus-
tainable development of marine biorefi neries.

While this review does not aim to provide a full sustain-
ability assessment of the macro algae biorefi nery concept, 
some general observations can be drawn with respect to 
how macro algae relate to certain RSB principles in com-
parison to fi rst and second-generation biofuel feedstocks. 
Most importantly in this regard, macro algae feedstock, in 
overcoming the food versus fuel concern associated to the 
majority of biofuel feeds, presents signifi cant advantages 
linked to the protection and enhancement of local food 
security (RSB Principle 6) with associated benefi ts in the 
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rural communities in developing countries has economic 
and social challenges. Specifi c policy development and the 
integration of distributed biorefi neries into coastal com-
munity business networks will be required. Th e imple-
mentation of initial pilot facilities will signifi cantly reduce 
barriers to entry as well as and train personnel. 

Conclusions

Biofuel programs are under development globally. Th e 
successful implementation of biofuel projects will require 
detailed modeling and simulation. In this review we 
present the integrated approach of biorefi neries design, 
combining thermodynamic modeling of biorefi neries size 
and distribution, metabolic modeling of biomass into bio-
fuel conversion, and legislation policy implications for the 
design of local biorefi neries with an emphasis on develop-
ing economies. We exemplify this integrated approach by 
a discussion of marine biorefi neries based on macro algae 
Ulva and present here: modeling and analysis of several 
scenarios for Ulva conversion into bioethanol by one or 
two-step microbial fermentation; demonstration a high-
level model of biorefi nery design for an average town in 
rural India; and adaption of the sustainability criteria for 
marine biorefi neries design. We believe that our combined 
design approach will promote the implementation of sus-
tainable distributed biorefi neries in developing countries. 
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Nevertheless, multiple barriers still exist for effi  ciently 
building biofuel capacity in developing countries. 
Successful technology adaptation requires a deep under-
standing of the local social, political and infrastructural/
technological environment.80 Food security, employment 
policies, land confl icts, environmental policies, and local 
business networks can all aff ect capacity building.

Future directions in biorefi neries 
development

Th ere is an urgent need for the biofuel sector to get an esti-
mate on energy expenses for feedstock collection, trans-
portation and fi nal product distribution. Currently, there 
is a rule of thumb that ~25 miles is the optimal size of area 
for feedstock collection. Th ermodynamic and economic 
studies are needed to fi nd the optimal collection distances 
as a function of local fuel demand and conversion technol-
ogies. Very few studies comparing the effi  ciency of biore-
fi neries at diff erent scales are available. Th ese studies are 
essential for better future design. In this work, we showed 
the possible direction for optimization of biomass biocon-
version to biofuels using emerging metabolic engineering 
approaches. 

 Due to the yields and sustainability advantages meas-
ured in use of land, potable water and chemicals, macro 
algae are an excellent feedstock for transportation bio-
fuels. Th e cultivation and decomposition technologies, 
however, require further improvement. Recent reports on 
engineered microbes, which digest the majority of brown 
macro algae polysaccharides, have shown that macro algae 
are a practical and available feedstock for biofuels. Green 
macro algae (Ulva sp.) have an enormous advantage in 
higher growth rates. We believe that modern synthetic 
biology and molecular engineering approaches can lead to 
low cost biological methods for the decomposition of Ulva 
to fermentable sugars.

Combined agricultural, downstream processing and pol-
icy models are urgently needed to provide planning tools 
to multiple communities interested in sustainable energy 
sources. Today, however, these models remain separated 
in their professional subfi elds. Combining agricultural, 
process engineering, and policy models is possible, and 
we believe that the best way to reduce to practice rapidly is 
through-small scale projects with the highest immediate 
impact. Rural areas in developing countries are an excel-
lent opportunity in this fi eld. In Fig. 5, we show the con-
ceptual fl ow for biorefi neries design. 

Finally, a great challenge for any new technology is fi eld 
implementation. Bringing new energy technologies to 

Figure 5. Biorefi nery design, modeling, and implementation.
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