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Abstract
Conventional biomass sources have been widely exploited for several end uses (mostly food, feed, fuel and chemicals). More 
unconventional sources are continually being sought for meeting the growing planetary demands for biomass materials. 
Biofuels are already commercially produced in many countries and are becoming mainstream. The role of biorefineries for 
production of chemicals is also on the rise. Plant biomass is the primary source of food for all multicellular living organisms. 
Primary production remains a key link in the chain of life support on planet Earth. Is there enough for all? What new strate-
gies (or technologies) are available or promising for providing plant biomass in a safe and sustainable way? What are the 
potential impacts (footprints and efficiencies) of such strategies? What can be the limiting factors—land, water, energy and 
nutrients? What might be the limits for specific regions (OECD vs. non-OECD, advanced vs. developing, dry and warm vs. 
wet and cool, etc.). In this paper, we provided answers to these questions by critically reviewing the pros and cons associated 
with current and future production and use pathways for biomass. We conclude that in many cases, the jury is still out, and 
we cannot come to a solid verdict about the future of biomass production and use.
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Introduction

Historically humans were dependent on biomass. We can 
argue that the origins of human civilization come from 
plant biomass (henceforth, biomass refers to plant biomass). 
Deforestation in Europe was rapidly changing the landscape 
till the beginning of the industrial era (Kaplan et al. 2009). 
Forests were removed to give space to agriculture (Williams 
2000) but also for timber products and firewood (Reboredo 
and Pais 2014). Agriculture was introduced as a means to 
increase production of biomass. Total terrestrial net primary 
production (NPP) is estimated at 2190 EJ/year or 118 billion 
tonnes of dry matter/yr, whereas the above-ground terrestrial 
NPP is reported as 1241EJ/year or 67Gt/yr (Rogner et al. 

2012). Some sources put the above-ground terrestrial NPP 
at 2200 EJ/year (Bang et al. 2013). Such difference between 
the estimates is mainly attributed to the difference in the 
carbon content of biomass and the difference in gross calo-
rific value. Humans appropriate approximately 20.1 Gt/year 
(373 EJ/year) of biomass which equals to 17% of the total 
terrestrial NPP or 30% of the above-ground terrestrial NPP 
(Rogner et al. 2012). This certainly contributes to the overall 
destruction of the life support system on planet Earth, creat-
ing conditions for what some see as the sixth mass extinction 
(Ceballos et al. 2020).

Today, biomass is used for many purposes (Fig.  1) 
(Smeets et al. 2007; Arodudu et al. 2017a) where utiliza-
tion varies based on (a) the source of biomass and (b) area 
of focus (Bang et al. 2013; Hiloidhari et al. 2014), making 
an accurate estimation of competing uses very difficult. For 
instance, major uses of straw in the UK can be animal feed, 
bedding and bioenergy applications (Bang et al. 2013), in 
India, depending on the straw, it can be also used as packing 
material (Hiloidhari et al. 2014). Aside from food-related 
uses, which rank the highest in terms of priority, biomass 
can be used as soil mulch cover, soil stabilizer, green manure 
and mushroom substrate, it is essential to maintain biodiver-
sity and wildlife (Scarlat et al. 2010; Arodudu et al. 2017b), 
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and it is also an essential raw material and feedstock for 
industrial processes (Arodudu et al. 2013; Krausmann et al. 
2017), especially for energy, construction and chemical pro-
duction (Haas et al. 2015).

These uses are particularly important in an age when the 
global economy seeks to transit from fossil energy carriers 
(which accounts for about 80% of global primary energy) to 
renewables (IEA 2019). This is primarily because of con-
cerns about climate change, but is also driven by growing 
risks associated with depletion of cheap and easily extract-
able global fossil reserves (petroleum, coal and natural gas) 
over the last centuries impacting the reliability of their sup-
plies, creating energy market instability and price volatility 
(Poisson and Hall 2013; Lambert et al. 2014). Considering 
that the prominent energy scenarios suggest that energy con-
sumption will only increase in the future (USEIA 2019), 
and growing interest in renewable sources with lower GHG 
emissions, using biomass for energy production has again, 
as two centuries ago, become mainstream.

Bioenergy

Bioenergy refers to energy obtained from any form of mate-
rials derived from biological sources and is the single larg-
est source of renewable energy used today. Solid biofuels 
(e.g., charcoal, fuelwood, wood residue/by-products, black 
liquor, bagasse, animal waste, vegetal residue/material, 
renewable fraction of industrial waste, etc.), liquid biofu-
els, biogas and renewable municipal waste together pro-
vide 9.2% of the world’s total primary energy supply (IEA 
2019). However, within the renewable energy supply, the 
share of solid biofuels (mostly charcoal) is 60.7%; liquid 

biofuels supply 4.6%, biogas 1.7% and renewable municipal 
waste 0.9% (IEA 2019). Given the widespread use of solid 
biofuels in developing countries, non-OECD countries are 
logically the largest suppliers of solid biofuels (IEA 2019). 
Around 2.8 billion people in 2010 relied on solid fuels for 
cooking, 78% of them lived in rural areas, mostly in Africa 
and Asia (SE4ALL 2013). In contrast, OECD countries are 
the main suppliers of biogas, liquid biofuels and renewable 
municipal waste (IEA 2019). Allocation of biomass for bio-
energy amounts to 35–55 EJ/year (Haberl et al. 2007) or 
between 2.8% and 4.4% of the above-ground terrestrial NPP. 
Other studies report the current uses in a similar range. For 
instance, Parikka (2004) put the total energy potential from 
biomass at 103.8 EJ/year and current uses at 39.7 EJ/year 
(38% of the total potential), while Daioglou et al. (2016) put 
the total energy potential from biomass at 116 EJ/year and 
current uses at 33 EJ/year (28% of the total potential).

Bioenergy use in developing versus developed countries 
is different. In developing countries with historical bioen-
ergy use, people rely on biomass for cooking because they 
have no other choice (SE4ALL 2013). In contrast, OECD 
countries share of solid biofuels is smaller, while share of 
liquid biofuel and biogas use is larger than the global aver-
ages (IEA 2019). Electricity generation rarely uses solid bio-
fuels, and the share of electricity produced from biofuels 
and renewable municipal waste is therefore larger in OECD 
countries than the global average, i.e., 2.8% vs 2% in 2017 
(IEA 2019). The environmental impact of bioenergy use in 
developing countries and developed countries is very dif-
ferent because of the kinds of uses. Using solid biomass 
collected from the neighboring areas for cooking or heating 
can have local impacts, such as indoor pollution, and labor-
intensive collecting can limit women and children’s time for 

Fig. 1  Competing uses of biomass
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education and other activities (IEA 2017). The traditional 
use of biomass in basic stoves or open fires also leads to 
very inefficient use of the resource, e.g., 5–15% (IEA 2017).

Land, water and carbon footprints of bioenergy may be 
too large. For instance, using liquid biofuel or biogas for 
decarbonization of GHG intensive sectors by replacing fos-
sil fuels (IEA 2017), entails energy inputs associated with 
large land, water footprints (Rulli et al. 2016; Holmatov et al. 
2019) and carbon emissions (Kauffman et al. 2011; Holma-
tov et al. 2019).

Bioenergy can have both positive and negative impacts 
on the immediate surrounding environment at the local and 
global scales that come with many strings attached. Gener-
ally speaking, increasing conventional bioenergy production 
can contribute to higher energy security, create employment 
opportunities, but on the other hand, as well illustrated by 
the recent movie ‘Planet of the Humans,’ can lead to defor-
estation, increase GHG emissions, environmental degrada-
tion and even negatively affect food security (Beringer et al. 
2011). An example of the positive effect is that willow and 
poplar plantations could attract species from the surrounding 
areas and can hold more diversity than coniferous forests and 
arable lands (Baum et al.2009). An example of the nega-
tive effect is that promoting bioenergy production can create 
a lock-in effect (expected payback time of investments is 
long), thereby bioenergy will then have to be produced for a 
longer period than intended with consequent complications.

We also need to keep in mind the temporal dimension: 
While in the long run bioenergy can be considered as car-
bon neutral, there is a significant time lag between the 
GHG emissions that may be happening now, when biofu-
els are burned, and the following carbon sequestration later 
on, when carbon dioxide molecules are removed from the 
atmosphere through photosynthesis. This is especially the 
case when perennial vegetation is used as feedstock. The 
land footprint of consumption (including bioenergy) is 
especially critical in places where ‘biocapacity’ is exceeded 
(Borucke et al. 2013; Wackernagel et al. 1999; Wackernagel 
and Rees 1998). Areas with sufficiently high NPP may also 
have high potential evapotranspiration (mostly dry and warm 
regions) which may subsequently result in water scarcity 
issues (Beringer et al. 2011).

Global Biomass

Logistical issues associated with biomass are numerous 
and complex. Cost of the supply chain and technology for 
converting biomass to useful forms of energy are impor-
tant barriers (Rentizelas et al. 2009). In addition, energy 
conversion technologies can be sensitive to using a mix 
of different biomass types (Rentizelas et al. 2009), while 
homogenous biomass in a given geographic area can be 

limited and seasonal. Moisture of biomass is another 
important factor, whereby fresh biomass can have high 
moisture that is not suitable for certain energy uses (i.e., 
fresh wood moisture at 35–60% is higher than 5–20% used 
for combustion (Ragland et al. 1991)).

At planetary scale, climate change can have a large 
impact on biomass production. For instance, climate 
change can lead to decrease in irrigated land (Zhang and 
Cai 2011; EEA 2019; Worqlul et al. 2019), affect crop 
productivity, due to altered precipitation, temperature, 
soil conditions, etc. (Edenhofer et al. 2011). At the same 
time, the global environmental (GHG, water and land use) 
footprint of the agriculture sector is huge and it impacts 
climate change in many ways. The present-day hierarchy 
of uses of global biomass is for feed (58%), bioenergy 
(heat and power—16%), food (14%), materials (10%) 
and biofuels (transport fuels, e.g., biodiesel and bioeth-
anol—1%) (Piotrowski et al. 2015). Animal production 
(meat production especially) has the largest environmental 
footprints within the agriculture sector; hence, the rise in 
the production of plant-based meats is expected to lower 
its environmental footprints. This, however, might also be 
a trade-off, as the carbon, water and land use footprints of 
plant-based ingredients for production of plant-based meat 
should also be expected to rise.

More recent excitement has been with the use of bio-
mass for replacement of several fossil based materials (Chen 
and Patel 2012; Llevot et al. 2016; Bensabeh et al. 2020). 
Intensive research is happening on synthesis of polymers 
and monomers from biomass (Llevot et al. 2016). While 
biomass can be used to make nearly any chemical building 
blocks of plastics, most of the processes are commercially 
unfeasible and bio-based chemicals make up only about 5% 
of all chemicals (Harmsen et al. 2014). The true scale of 
biomass use for production of various materials is disparate, 
incomplete or not sufficiently detailed (Nattrass et al. 2016); 
however, an estimated 130 million tonnes (dry matter) or 
1.14% of the global biomass supply (out of the total of 11.4 
billion tonnes dry matter in 2011) is used in the chemical 
industry with the share of bio-based polymers currently 
being insignificant (Piotrowski et al. 2015). The production 
of bio-based plastics is set to displace conventional plastic 
packaging within the next decade (Yates and Claire 2013; 
Papadopoulou et al. 2019). Coca-Cola and other companies 
are announcing a major shift to bioplastic made of wood 
chips, straw and food waste (Carrington 2018; Avantium 
2020), a process which will only increase the demand for 
biomass (Smith et al. 2013; Mayer et al. 2017). Much of the 
drive towards bio-based plastic is the concern with plastic 
pollution and the expectation that the alternative polymers 
will be biodegradable—the promise which is far from being 
always delivered since not all bio-polymers are easily degra-
dable (Tokiwa et al. 2009).
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Circular bioeconomy strategies around the world 
(Europe especially) emphasizes the need to replace fossil 
and other non-renewable energy and material resources 
with renewables (mostly biomass) (EC 2015). Noteworthy, 
however, is the fact that biomass has played an increas-
ingly lower role in global material consumption over the 
last century (Krausmann et al. 2009, 2017, 2018). Accord-
ing to Krausmann et al. (2009), its share in total material 
consumption has declined from almost three quarters in 
1900 to only one-third about a century later. For most of 
the twentieth century, biomass was the most significant 
of the four material types (others being fossil energy car-
riers, ores and industrial minerals and bulk minerals for 
construction) in terms of mass and only in the 1990s was 
it overtaken by construction minerals (Krausmann et al. 
2009, 2017). The period between World War II and the 
first and second oil price peaks in the early 1970s saw a 
rapid shift from renewable biomass towards mineral mate-
rials. Biomass experienced relative peaks in 1920, 1933 
and 1946 due to fall in the use of the other materials and 
not because of significant increase in biomass extraction. 
These reductions in material extraction induced by World 
War I and World War II were less pronounced for biomass 
than for the other material categories. This is because of 
the relative importance of biomass as a source of food and 
animal feed. While the share of biomass in total material 
consumption declined over the last century, construction 
minerals (mostly sand and gravel used in concrete, foun-
dations and base course layers as well as asphalt) grew 
by a factor of 34, while ores/industrial minerals extrac-
tion surged 27-fold (Krasumann et al. 2009, Krasumann 
et al. 2017). A continuous decline in the share of biomass 
to total material consumption globally is an indication it 
might not be able to replace other non-renewable materi-
als used for energy, construction and chemical production 
(i.e., fossil minerals, as well as metallic and non-metallic 
minerals), thereby restricting its primary use to food, ani-
mal feed and other daily or seasonal consumptive and dis-
sipative uses (e.g., animal bedding, packaging material, 
etc.).

Based on business as usual projection, materials 
extracted and used worldwide are expected to rise from 
89 Gt/yr in 2015 to 218 Gt/yr by 2050 (Krausmann et al. 
2018). Considering the already massive depletion, impend-
ing extraction peaks and near extinction of global fossil 
and other non-renewable resources, there are only three 
options going into the future. These include.

1. Reducing material consumption through massive trade-
offs by humans and changing consumption patterns;

2. Meeting projected material by reliance on reuse and 
recycling of current non-renewable material stocks and 

wastes (which is currently insufficient, as larger compo-
nent of material stocks are still primary materials);

3. Replacement with renewable biomass, notwithstanding 
its decreasing share in global material extraction mix, 
as well as projected future increase in demands for use 
in its traditional role as source of food, animal feed and 
other dissipative uses (Haas et al. 2015; Mayer et al. 
2017; Le Noë et al. 2020).

Most likely we will see a combination of these three strat-
egies, with #1 being certainly the most sustainable one, yet 
the hardest to implement. Wastes from material extraction 
and consumption have grown at a slower pace over the last 
decades despite accelerated increase in total domestic mate-
rial consumption (DMC) globally (Krausmann et al. 2009). 
This was due to increased material stock accumulation in 
buildings, infrastructures, manufactured machineries, as well 
as durable goods (Krausmann et al. 2018). These material 
stock accumulations were facilitated by a century of eco-
nomic boom, urbanization and industrialization in Europe, 
Japan, the USA and other high-income countries post-World 
War II (Krausmann et al. 2017). This suggests that even 
though there is much waste for reuse and recycling (35% of 
extraction and consumption), far more is going into material 
stock accumulation than available continually for reuse and 
recycling (Krausmann et al. 2018). The majority of the recy-
cling flow comprises nonmetallic minerals (88% in 2010), 
which are mainly down-cycled as base materials for back-
filling during new construction. Metals, biomass and plas-
tics together account for 12% of total end-of-life recycling 
(Krausmann et al. 2017). Despite growth in global material 
extraction and consumption demand, the contribution of 
recycling to closing material loops has remained lower than 
the promising potential suggested by end-of-life recycling 
rates. For non-metallic minerals, even though 37% of all 
end-of-life outflows are recycled, only a recycling input rate 
of 11% is achieved (Graedel et al. 2011; Krasumann et al. 
2017). For metals, even though 77% of end-of-life outputs 
are recycled (because recycling in the metal industry is more 
advanced), the recycling input rate is only 27% (Zimring 
2009; Oldenzie and Weber 2013). This is an indication of 
the limits of reuse and recycling of non-renewable materi-
als going forward. Replacement with renewable biomass at 
the projected scale should therefore be expected to entail 
significant increase in production and use of biomass, as 
well as reuse and recycling of biomass waste, and hence the 
strategies and technologies that we analyzed in this study.

However, despite biomass renewability, limitations about 
its potential also exist. Global biomass appropriation (also 
known as the human appropriation of net primary produc-
tion (HANPP), which include harvesting or burning biomass 
(for food, animal feed, energy and other dissipative uses), as 
well as conversion of natural ecosystems to managed lands 
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with lower productivity, has only doubled between 1910 and 
2015, despite fourfold increase in human population and 
17-fold economic output (Krausmann et al. 2013). Accord-
ing to Krausmann et al. (2013), despite an increase in land’s 
productive capacity and biomass appropriation efficiency 
as a result of land use practices over the last century, bio-
mass harvested per capita and year slightly declined even 
though there was growth in total biomass consumption. This 
is because there was a decline in reliance on bioenergy due 
to higher conversion efficiencies of both bioenergy and fos-
sil energy resources. The rise in HANPP efficiency can be 
attributed to increased crop yields due to increased fossil 
energy inputs and substantial ecological costs such as soil 
degradation and biodiversity loss. If humans can maintain 
the past trends in efficiency gains, we estimate that HANPP 
might only grow by 27–29% by 2050. Larger bioenergy 
extraction could, however, increase global HANPP to 44% 
(Krausmann et al. 2013), and this is also expected to be at 
significant ecological costs. Increasing biomass production 
despite land use efficiency gains and land intensification 
might still fall short of meeting extraction and sustainability 
needs of other categories that humanity direly seeks replace-
ment for. Even though an increase in production is required, 
a prioritization of available or grown biomass stocks (via 
reallocation, redistribution, reuse and recycling) will be 
essential to avoid wasting resources and to maximize their 
use.

According to Krausmann et al. (2013), Latin America and 
Africa with moderate and low biomass yields, respectively, 
experienced the highest yield gap over the last century. In 
other words, Latin America and Africa are the two regions 
yet to maximize their biomass efficiency potentials from 
land use practices. Asia, Europe and North America that 
have maximized their global biomass productivity poten-
tial by pushing against planetary boundaries (via land use 
practices) at significant energy and ecological costs (e.g., 
soil degradation, biodiversity loss, etc.) over the last century 
are expected to have limited (low to moderate) biomass or 
HANPP efficiency gains in the future. Latin America and 
Africa on the other hand have more untapped HANPP 
efficiency gain potential (moderate to high) which can be 
further exploited by employing land use practices, which 
will again likely happen at the expense of biodiversity and 
natural capital.

Based on the findings by Krasumann et al. (2013), Erb 
et al. (2016a) and Erb et al. (2016b), we can infer that the 
potential for further biomass gains for human consumption 
through the application of land use practices is limited, if not 
almost exhausted for certain world regions (Erb et al. 2016a). 
Even though Erb et al. (2016a, b) found that efficient land 
use practices are capable of reducing the biomass turnover 
period by half of the expected payback time, noteworthy is 
the fact that this may not translate to net addition to or total 

recovery of global biomass stocks as demands will further 
shoot up in an era expected to put more pressure on biomass 
resources globally (i.e., global economic transition towards 
elimination of fossil fuel dependence, carbon neutrality and 
replacement of other non-renewables). Continuous search 
for ways of increasing biomass production will therefore not 
be the ultimate solution. Increasing its use efficiency by real-
location, redistribution, successive reuse and recycling of 
biomass waste (using available energy and material conver-
sion technologies) before return to nature for maintenance 
of biological processes will have to be prioritized.

Questions and concerns

What strategies are available or promising for producing and 
using biomass in a safe and sustainable way? What are the 
impacts (footprints and efficiencies) of such strategies? What 
can be the limiting factor: land, water, soil, energy, nutri-
ents, etc.? What might be the limits for specific regions? In 
answering these questions, we suggest the use of a systems 
thinking/intelligence approach for critical analysis of the 
capabilities and limitations of various strategies or technolo-
gies for food and animal feed production, as well as energy 
and chemical production.

Can we say that there is enough biomass for meeting 
food, feed, energy and chemical production demands, as 
well as providing for natural biological processes under a 
decarbonized circular economy? Around 820 million people 
in the world are still hungry (FAO et al. 2019) and closing 
this gap while facing uncertain challenges would entail set-
ting priorities in terms of land use purposes (food, feed, 
biofuel, carbon storage, etc.). What strategies are available 
or promising for producing and using biomass in a safe and 
sustainable way? What are the impacts (footprints and effi-
ciencies) of such strategies? What can be the limiting factor: 
land, water, energy, soil, nutrients, etc.?

While there is clear indication that the demand for bio-
mass is likely to grow, we need to look for strategies that 
could increase the efficiency of human appropriation of bio-
mass. We suggest that all technologies should be considered 
with three aspects in mind:

1. Gains and efficiencies—here we list the expected ben-
efits from employing the technology and provide some 
estimate of its efficiency, ideally in terms of EROEI or 
productivity;

2. Limiting factors (land, water, energy, soil, nutrients, etc.) 
and impacts—what are the footprints associated with the 
technology, what are the costs and threats associated;

3. Regional limitations and preferences—OECD vs. non-
OECD, advanced vs. developing, dry and warm vs. wet 
and cool, Global North vs. Global South, etc.
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We may notice that in most cases, the impacts and con-
sequences are quite interconnected, embedded in multiple 
feedback loops, which makes full cost and life cycle assess-
ments only more difficult. For example, many technologies 
that improve biomass delivery for food come at the expense 
of using more energy, which in turn increases the demand 
for energy. Energy requirements then may be again estimated 
in terms of biomass needed to generate the energy used for 
food production, which should then be subtracted from the 
additional biomass produced.

Since one of the main uses of biomass by humans is for 
food, Table 1 presents some potential technologies and 
methods that may improve efficiency of agriculture, while 
preserving enough for biodiversity and nature conservation. 
While there are quite a few ideas under development and 
implementation, we can note that all of them have some 
limitations and there is obviously no silver bullet that can 
solve all problems.

Besides food and fiber, the second largest avenue of 
HANPP is bioenergy. This used to be for cooking and heat-
ing and has been largely replaced by fossil fuels. About 97% 
of bioenergy was obtained through direct combustion in 
2004 (Demirbas 2004). Now, with the return to renewables 
we see an increasing demand for biomass for energy produc-
tion. In Table 2, we reviewed some of the technologies that 
can make a difference in this domain.

In most cases, we still see a high reliance of these tech-
nologies on conventional fossil fuels, which requires careful 
EROEI accounting. The processes are generally limited by.

1. High costs of collection, transport and storage of bio-
mass and higher local air emissions from movement of 
trucks (Sims et al. 2008);

2. Long 60–90 days turnover time in biogas plants for agri-
cultural biomass (Klimiuk et al. 2010); and

3. Low efficiency whereby the biomethane production 
(from cellulose) achieves at best around 20% of energeti-
cal biomass utilization efficiency, which is much lower 
than converting it to other types of bioenergy (Iffland 
et al. 2015).

This can be avoided by building efficient source-to-plant 
pipeline systems for wet waste or installation of farm-, 
home- or market-based digesters (Arodudu et al. 2013), but 
will still require considerable economic incentives/subsidies, 
without which capital and operational costs for building 
infrastructure at sub-commercial scale (e.g., farm or home 
scale yielding limited supply of wet biomass) is impractical.

Most promising approaches are based on the following 
principles:

1. Waste reduction and reuse It is hardly efficient to pro-
duce bioenergy unless we use waste, by-products and 

plant residue as biomass. The EROEI is simply too 
low to justify the effort (Hall et al. 2011; Murphy et al. 
2011). In this regard, it seems promising to organize 
cascades of use (increase in successive reuse and recy-
cling) of organic waste. Forest residue/forest wood prod-
uct waste, wastewater and sewage sludge, crop residues 
(including garden wastes and leaf fall), animal manure 
and food waste can be put in sequences of uses optimiz-
ing for the overall efficiency of biomass utilization.

  This promises an increased resource (material and 
energy) efficiency (Ciccarese et al. 2014; WWF 2016) 
and reduced carbon, water, land use and biodiversity 
impacts from lower deforestation and reduced land use 
change effects (Sikemma et al. 2013; Mair and Stern 
2017). However, we should realize that recycling of 
resources entails costs and may slow down the economic 
processes (Haberl and Geissler 2000; Giampietro 2019). 
Collection and conversion technologies are yet to be 
improved. Implementation may be a challenge in less 
developed (non-OECD) countries without the necessary 
institutional and infrastructural framework and with no-
access to the latest know-hows and patents.

2. Co-production, multifunctional land use For example, 
there is promise of co-production of renewable energy 
(wind and solar) with agricultural as well as residential, 
commercial, industrial and infrastructural land uses. 
Installing wind turbines or photovoltaics does not have 
to compromise the use of land as pasture, natural grass-
lands, forests, temporary and permanent croplands. In 
fact, in some cases it can be beneficial for biomass pro-
duction and use.

  Solar panels and solar photovoltaic panels shade 
crops from heat stress and increase moisture absorp-
tion hereby aiding photosynthesis (Trainor et al. 2016; 
Barron-Gafford et al. 2019). Wind turbines can act as 
windbreaks, mix the air and regulate local day and night 
temperatures thereby helping crops to avoid heat stress 
in the day and frost at night (Inman 2010; Beckman and 
Xiarchos 2013). Wind turbines can make more carbon 
dioxide available to crops thereby aiding photosynthesis 
(CU 2010; ISU 2016). They can also reduce the amount 
of dew on leaves, thereby reducing incidences of fun-
gal diseases in crops (Ames Laboratory 2010; Rajewski 
et al. 2016). While this is still applied mostly at experi-
mental scale and is not yet widely practised (Inman 
2010; Rajewski et al. 2016), there seems to be much 
potential for such co-production. Increased adoption of 
green roofs and retrofitting of old roofs in rural and areas 
for biomass production will also make more space avail-
able for solar panel and solar photovoltaic panel instal-
lations (Hernandez et al. 2014; Hoffacker et al. 2017).

  Similarly, urban agriculture and green buildings 
(Fig. 2) are other examples of multifunctional land use 



Ecological impacts and limits of biomass use: a critical review  

1 3

Ta
bl

e 
1 

 S
tra

te
gi

es
 a

nd
 te

ch
no

lo
gi

es
 fo

r p
ro

du
ci

ng
, r

ea
llo

ca
tin

g 
an

d 
re

di
str

ib
ut

in
g 

bi
om

as
s f

or
 fo

od
 a

nd
 a

ni
m

al
 fe

ed
 p

ro
du

ct
io

n

St
ra

te
gi

es
 (t

ec
hn

ol
og

ie
s)

G
ai

ns
 a

nd
 e

ffi
ci

en
ci

es
Li

m
iti

ng
 fa

ct
or

 (l
an

d,
 w

at
er

, e
ne

rg
y,

 so
il,

 
nu

tri
en

ts
, e

tc
.) 

an
d 

im
pa

ct
s

Re
gi

on
al

 li
m

ita
tio

ns

A
gr

ic
ul

tu
ra

l i
nt

en
si

fic
at

io
n

D
ou

bl
in

g 
fo

od
 a

nd
 fe

ed
 p

ro
du

ct
io

n 
on

 sa
m

e 
la

nd
 w

ill
 sa

ve
 la

nd
 u

se
 a

nd
 in

cr
ea

se
 g

re
en

 
w

at
er

 e
ffi

ci
en

cy
 (Z

ab
el

 e
t a

l. 
20

14
; E

rb
 e

t a
l. 

20
16

b)
N

ot
 id

ea
l b

ut
 b

et
te

r t
ha

n 
ag

ric
ul

tu
ra

l e
xp

an
-

si
on

 v
ia

 la
nd

 u
se

 c
ha

ng
e 

(B
ai

s-
M

ol
em

an
 

et
 a

l. 
20

19
; S

ta
ni

m
iro

va
 e

t a
l. 

20
19

)

C
lim

at
e 

ch
an

ge
 (L

in
 e

t a
l. 

20
08

; C
am

pb
el

l 
et

 a
l. 

20
14

)
H

ig
he

r b
lu

e 
w

at
er

, e
ne

rg
y 

an
d 

ca
rb

on
 

de
m

an
ds

 e
xp

ec
te

d 
fro

m
 fo

ss
il 

fu
el

s, 
fe

rti
liz

-
er

s a
nd

 ir
rig

at
io

n 
w

at
er

 (M
óz

ne
r e

t a
l. 

20
12

; 
N

em
ec

ek
 e

t a
l. 

20
11

)
Th

e 
en

er
gy

 o
ut

pu
t i

n 
te

rm
s o

f f
oo

d 
pe

r u
ni

t o
f 

fo
ss

il 
ba

se
d 

en
er

gy
 in

pu
t o

r t
he

 E
RO

I f
ac

to
r 

of
 in

te
ns

iv
e 

ag
ric

ul
tu

ra
l s

ys
te

m
s a

re
 lo

w
 

(M
oh

am
m

ad
 S

hi
ra

zi
 e

t a
l. 

20
12

)
Ve

ry
 h

ig
h 

nu
tri

en
t p

ol
lu

tio
n 

(T
ilm

an
 1

99
9;

 
K

rö
ge

r e
t a

l. 
20

13
; G

ho
sh

 e
t a

l. 
20

17
)

D
ry

 a
nd

 w
ar

m
 re

gi
on

s a
re

 m
or

e 
su

sc
ep

tib
le

 to
 

hi
gh

er
 e

ne
rg

y,
 n

ut
rie

nt
 (n

itr
og

en
 a

nd
 p

ho
s-

ph
or

us
) a

nd
 w

at
er

 u
se

 (B
er

in
ge

r e
t a

l. 
20

11
)

Re
ge

ne
ra

tiv
e 

 ag
ric

ul
tu

re
s

Im
pr

ov
es

 so
il 

qu
al

ity
 (A

lti
er

i a
nd

 N
ic

ho
lls

 
20

08
; D

ou
gh

er
ty

 2
01

9)
, c

ar
bo

n 
an

d 
m

oi
s-

tu
re

 c
on

te
nt

, r
es

ili
en

ce
. M

os
t s

ui
ta

bl
e 

fo
r 

or
ga

ni
c 

ag
ric

ul
tu

re
. A

ls
o 

pr
ov

id
es

 m
ot

i-
va

tio
n 

to
 re

tu
rn

 to
 a

ni
m

al
 p

ro
te

in
 d

ie
t a

s 
ag

ai
ns

t v
eg

an
 d

ie
ts

 (G
ur

ia
n-

Sh
er

m
an

 2
01

9;
 

Se
ve

rs
on

 2
01

9)
b

M
ay

 n
ee

d 
m

or
e 

la
nd

 (A
lti

er
i e

t a
l. 

20
15

; 
Re

ge
ne

ra
tio

n 
In

te
rn

at
io

na
l 2

01
9)

, a
nd

 ti
m

e
R

is
k 

of
 fa

ilu
re

 is
 h

ig
h 

un
de

r c
on

tin
uo

us
 a

nd
/

or
 e

xt
re

m
e 

dr
ou

gh
t s

itu
at

io
ns

 (H
üe

sk
er

 e
t a

l. 
20

11
). 

R
is

k 
of

 fa
ilu

re
 m

ay
 a

ls
o 

in
cr

ea
se

 w
ith

 
sc

al
e 

du
e 

to
 le

ss
 su

pe
rv

is
io

n 
an

d 
ov

er
si

gh
t 

(S
te

rn
be

rg
 2

01
6)

U
rb

an
 v

eg
et

ab
le

 g
ar

de
ni

ng
 (h

yd
ro

po
ni

cs
, 

ae
ro

po
ni

cs
, f

og
po

ni
cs

, o
rg

an
op

on
ic

s, 
aq

ua
-

po
ni

cs
 a

nd
 a

nt
hr

op
on

ic
s i

nc
lu

si
ve

)

C
re

at
io

n 
of

 n
ew

 c
ar

bo
n 

si
nk

s a
nd

 in
cr

ea
se

d 
ca

rb
on

 se
qu

es
tra

tio
n 

ca
pa

ci
ty

 (T
ho

rn
bu

sh
 

20
15

; M
cd

ou
ga

ll 
et

 a
l. 

20
20

)
Re

du
ct

io
n 

of
 c

ar
bo

n 
an

d 
w

at
er

 n
ee

ds
 o

f 
ve

ge
ta

bl
e 

fa
rm

in
g 

an
d 

sa
vi

ng
 la

nd
 (K

ul
ak

 
et

 a
l. 

20
13

)

So
il,

 in
do

or
/o

ut
do

or
 c

lim
at

e 
an

d 
te

ch
no

lo
gy

 
ad

op
te

d 
(G

ru
da

 2
01

2,
 2

01
9;

 G
ru

da
 e

t a
l. 

20
19

): 
so

m
e 

va
ria

tio
ns

 o
f u

rb
an

 g
ar

de
ni

ng
 

su
ch

 a
s h

yd
ro

po
ni

cs
 m

ay
 le

ad
 to

 h
ig

he
r 

en
er

gy
 c

on
su

m
pt

io
n 

co
m

pa
re

d 
to

 tr
ad

iti
on

al
 

pr
od

uc
tio

n 
sy

ste
m

s (
M

ar
tin

ez
-M

at
e 

et
 a

l. 
20

18
)

Ro
of

 a
nd

 u
rb

an
 p

la
tfo

rm
 d

es
ig

ns
 m

ay
 b

e 
m

or
e 

co
nt

em
po

ra
ry

, a
da

pt
ab

le
 a

nd
 su

ita
bl

e 
in

 
ad

va
nc

ed
 (O

EC
D

) c
ou

nt
rie

s t
ha

n 
in

 d
ev

el
op

-
in

g 
(n

on
-O

EC
D

) c
ou

nt
rie

s
N

PP
 (a

nd
 h

en
ce

 th
e 

ur
ba

n 
ve

ge
ta

bl
e 

ga
rd

en
in

g 
po

te
nt

ia
l) 

pe
r u

ni
t o

f l
an

d 
is

 re
gi

on
 sp

ec
ifi

c 
an

d 
ra

ng
es

 fr
om

 0
 to

 3
.5

 k
g 

dr
y 

m
at

te
r  m

−
2  

de
pe

nd
in

g 
on

 th
e 

co
nd

iti
on

s o
f t

he
 p

la
ce

 
(H

ab
er

l e
t a

l. 
20

04
) a

nd
 th

e 
gr

ow
in

g 
te

ch
no

l-
og

y 
ad

op
te

d
Re

cl
am

at
io

n 
of

 d
es

er
t a

nd
 sa

nd
 d

un
es

 fo
r f

oo
d 

an
d 

fe
ed

 p
ro

du
ct

io
n—

pl
an

tin
g 

gr
as

se
s a

nd
 

 tre
es

c . Z
ai

 F
ar

m
in

g 
(d

ry
 b

as
in

 fa
rm

in
g)

d

Re
du

ct
io

n 
of

 g
lo

ba
l a

gr
ic

ul
tu

ra
l l

an
d 

us
e 

(G
le

nn
 e

t a
l. 

19
98

; L
ea

hy
 2

01
8)

Im
pr

ov
ed

 so
il 

fo
rm

at
io

n 
an

d 
in

cr
ea

se
 in

 b
io

-
di

ve
rs

ity
 (T

ro
un

g 
19

99
; W

an
g 

et
 a

l. 
20

09
). 

In
cr

ea
se

d 
ca

rb
on

 se
qu

es
tra

tio
n 

an
d 

si
nk

s 
(T

ho
m

as
 e

t a
l. 

20
05

; Y
u 

et
 a

l. 
20

19
)

Re
du

ct
io

n 
of

 n
itr

og
en

 u
se

—
m

os
t s

ui
ta

bl
e 

re
cl

am
at

io
n 

pl
an

ts
 a

re
 le

gu
m

es
 th

at
 fi

x 
ni

tro
ge

n.
 T

em
pe

ra
te

 sp
ec

ie
s l

ik
e 

po
pl

ar
, w

il-
lo

w
, e

tc
., 

an
d 

tro
pi

ca
l s

pe
ci

es
 li

ke
 g

lir
ic

id
ia

, 
le

uc
ae

na
, e

tc
. (

Fu
w

ap
e 

an
d 

A
ki

nd
el

e 
19

97
; 

W
ue

hl
is

ch
 2

01
1;

 S
ch

w
ei

er
 a

nd
 B

ec
ke

r 2
01

3)
 

ar
e 

us
ed

H
ig

h 
de

m
an

ds
 fo

r h
um

an
 la

bo
r

Re
cl

ai
m

in
g 

su
bs

ta
nt

ia
l a

re
as

 o
f s

an
d 

du
ne

s i
s 

a 
di

ffi
cu

lt 
ta

sk
. W

hi
le

 it
 m

ay
 b

e 
m

or
e 

lo
gi

ca
l 

to
 re

du
ce

 th
e 

pa
ce

 o
f a

ra
bl

e 
la

nd
 d

eg
ra

da
-

tio
n 

th
at

 c
ur

re
nt

ly
 re

ac
he

d 
30

–3
5 

tim
es

 
th

at
 o

f i
ts

 h
ist

or
ic

 ra
te

 (U
N

 2
02

0)
, r

ec
la

im
-

in
g 

sa
nd

 d
un

es
 is

 th
e 

on
ly

 o
th

er
 o

pt
io

n 
to

 
ab

an
do

nm
en

t o
f d

es
er

t s
an

d 
du

ne
s a

nd
 to

ta
l 

lo
ss

 o
f l

an
d 

fo
r i

nh
ab

ita
nt

s o
f d

es
er

t r
eg

io
ns

 
(J

oh
ns

on
 2

00
6;

 M
al

ag
no

ux
 2

00
7)

M
os

tly
 in

 d
ry

 a
nd

 w
ar

m
, d

ev
el

op
in

g 
(n

on
-

O
EC

D
) a

nd
 G

lo
ba

l S
ou

th
 C

ou
nt

rie
s

D
es

er
tifi

ca
tio

n 
is

 th
e 

un
de

rly
in

g 
ca

us
e 

fo
r r

el
i-

gi
ou

s e
xt

re
m

is
m

 in
 th

e 
Sa

he
l (

B
ok

o 
H

ar
am

, 
IS

W
A

P-
IS

IS
 in

 W
es

t A
fr

ic
a)

, a
s w

el
l a

s 
Fa

rm
er

s-
he

rd
er

s c
la

sh
es

. I
f t

he
re

 is
 n

o 
re

cl
a-

m
at

io
n,

 re
gi

on
al

 se
cu

rit
y 

(a
cr

os
s S

ub
-S

ah
ar

an
 

A
fr

ic
a)

 c
ar

bo
n 

si
nk

s a
nd

 b
io

di
ve

rs
ity

 to
w

ar
ds

 
th

e 
eq

ua
to

r w
ill

 c
on

tin
ue

 to
 b

e 
at

 ri
sk



 O. Arodudu et al.

1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

St
ra

te
gi

es
 (t

ec
hn

ol
og

ie
s)

G
ai

ns
 a

nd
 e

ffi
ci

en
ci

es
Li

m
iti

ng
 fa

ct
or

 (l
an

d,
 w

at
er

, e
ne

rg
y,

 so
il,

 
nu

tri
en

ts
, e

tc
.) 

an
d 

im
pa

ct
s

Re
gi

on
al

 li
m

ita
tio

ns

Re
du

ce
d 

fa
rm

 a
nd

 fo
re

st 
m

ec
ha

ni
za

tio
n 

(u
se

 
of

 m
an

ua
l l

ab
or

 a
nd

 sm
al

le
r i

m
pl

em
en

ts
)

C
ar

bo
n 

se
qu

es
tra

tio
n 

(H
ar

ve
y 

an
d 

B
ra

is
 2

00
2;

 
M

cE
w

an
 e

t a
l. 

20
20

)
Re

du
ce

d 
so

il 
an

d 
ec

os
ys

te
m

 d
ist

ur
ba

nc
e 

(D
yk

str
a 

20
01

; P
ol

to
ra

ka
 e

t a
l. 

20
18

)
In

cr
ea

se
d 

hu
m

an
 la

bo
r (

m
or

e 
jo

bs
, m

or
e 

ha
z-

ar
ds

) (
W

oo
d 

et
 a

l. 
20

03
; B

lu
sz

ko
w

sk
a 

an
d 

N
ur

ek
 2

01
4,

 A
ro

du
du

 e
t a

l. 
20

17
a)

H
ig

he
r a

cc
es

si
bi

lit
y 

to
 fo

re
st 

fo
od

 a
nd

 a
ni

m
al

 
fe

ed
 re

so
ur

ce
s (

na
m

el
y 

fr
ui

ts
, m

us
hr

oo
m

, 
in

se
ct

s a
nd

 g
am

e)
 (E

PI
-F

A
O

 2
01

0,
 F

A
O

 a
nd

 
U

N
EP

 2
02

0)

In
 so

m
e 

ca
se

s, 
lo

w
er

 y
ie

ld
s a

nd
 e

xp
an

si
on

 
in

to
 se

m
i-n

at
ur

al
 la

nd
 u

se
M

or
e 

fe
as

ib
le

 in
 sm

al
lh

ol
de

r f
ar

m
s a

nd
 fo

re
sts

 
(h

ig
he

r i
n 

pr
op

or
tio

n 
an

d 
m

os
tly

 fo
un

d 
in

 
de

ve
lo

pi
ng

, n
on

-O
EC

D
 a

nd
 G

lo
ba

l S
ou

th
 

co
un

tri
es

) t
ha

n 
in

 in
du

str
ia

l f
ar

m
 a

nd
 fo

re
st 

ho
ld

in
gs

 (l
ow

er
 in

 p
ro

po
rti

on
 a

nd
 m

os
tly

 
fo

un
d 

in
 m

or
e 

de
ve

lo
pe

d,
 O

EC
D

 a
nd

 G
lo

ba
l 

N
or

th
 c

ou
nt

rie
s)

H
ar

ve
sti

ng
 a

nd
 g

ro
w

in
g 

se
aw

ee
ds

 (a
lg

ae
) f

or
 

an
im

al
 fe

ed
 p

ro
du

ct
io

n
A

ni
m

al
 g

re
en

ho
us

e 
ga

s r
ed

uc
tio

n 
(A

lle
n 

et
 a

l. 
20

01
; P

ar
k 

20
20

)
D

ist
ur

ba
nc

e 
of

 m
ar

in
e 

ec
os

ys
te

m
 a

nd
 re

du
ce

d 
bi

od
iv

er
si

ty
 (P

au
ly

 a
nd

 Z
el

le
r 2

01
6,

 R
itc

hi
e 

an
d 

Ro
se

r 2
02

0)
, C

ul
tiv

at
io

n 
of

 se
aw

ee
ds

 
is

 a
 so

lu
tio

n 
fo

r b
io

re
m

ed
ia

tio
n 

of
 e

xc
es

s 
nu

tri
en

ts
 in

 e
ut

ro
ph

ic
 w

at
er

 b
od

ie
s (

Ya
n 

et
 a

l. 
20

17
). 

It 
ca

n 
ta

ke
 so

m
e 

th
e 

pr
es

su
re

 
off

 te
rr

es
tri

al
 p

ro
du

ct
io

n 
sy

ste
m

s i
f d

on
e 

in
 m

ar
in

e 
en

vi
ro

nm
en

t (
W

on
g 

an
d 

C
he

un
g 

20
00

; G
ar

ci
a-

Va
qu

er
o 

an
d 

H
ay

es
 2

01
6)

M
or

e 
th

an
 2

20
 sp

ec
ie

s o
f s

ea
w

ee
d 

ha
ve

 
co

m
m

er
ci

al
 v

al
ue

 a
nd

 a
m

on
g 

th
es

e,
 a

bo
ut

 
te

n 
sp

ec
ie

s a
re

 in
te

ns
iv

el
y 

cu
lti

va
te

d 
(F

A
O

 
20

18
a)

M
ar

in
e 

w
at

er
 b

io
di

ve
rs

ity
 (O

la
fs

so
n 

et
 a

l. 
19

95
; M

on
ag

ai
l e

t a
l. 

20
17

)
La

nd
, e

ne
rg

y,
 n

itr
og

en
, p

ho
sp

ho
ru

s a
nd

 b
lu

e 
w

at
er

 (B
oy

d 
an

d 
G

ro
ss

 2
00

0;
 B

oy
d 

et
 a

l. 
20

05
)

N
ut

rie
nt

 e
nr

ic
hm

en
t, 

ox
yg

en
 d

ep
le

tio
n,

 w
at

er
 

co
nt

am
in

at
io

n 
an

d 
di

se
as

e 
ris

ks
 (P

hi
lli

ps
 

19
90

; C
ha

pe
lle

 e
t a

l. 
20

00
In

cr
ea

se
 in

 c
ar

bo
n,

 e
ne

rg
y,

 w
at

er
 a

nd
 la

nd
 u

se
 

(C
ho

jn
ac

ka
 2

00
8;

 M
ul

ho
lle

m
 2

01
9)

H
ar

ve
sti

ng
 se

aw
ee

d 
fro

m
 th

e 
w

ild
 p

os
es

 a
n 

is
su

e 
of

 c
on

ta
m

in
at

io
n 

w
ith

 h
ea

vy
 m

et
al

 
(F

A
O

 2
01

8a
) w

hi
le

 g
ro

w
in

g 
se

aw
ee

ds
 is

 n
ot

 
al

w
ay

s f
ea

si
bl

e 
fro

m
 th

e 
ec

on
om

ic
 p

oi
nt

 o
f 

vi
ew

 (v
an

 d
en

 B
ur

g 
et

 a
l. 

20
16

)

H
ig

he
r e

nv
iro

nm
en

ta
l b

ur
de

n 
on

 G
lo

ba
l S

ou
th

 
w

he
re

 a
ni

m
al

 (c
at

tle
) m

ea
t p

ro
du

ct
io

n 
is

 d
riv

-
in

g 
de

fo
re

st
at

io
n 

an
d 

la
nd

 u
se

 c
ha

ng
e

H
ar

ve
sti

ng
 se

aw
ee

ds
 is

 a
n 

im
po

rta
nt

 so
lu

tio
n 

in
 a

re
as

 w
he

re
 in

va
si

ve
 se

aw
ee

ds
 a

lte
r t

he
 

co
m

po
si

tio
n 

of
 m

ar
in

e 
ec

os
ys

te
m

s, 
br

ee
d 

di
se

as
e 

pa
th

og
en

s (
e.

g.
, M

al
ar

ia
 m

os
qu

ito
es

 
on

 th
e 

C
oa

st 
of

 W
es

t A
fr

ic
a)

, o
bs

tru
ct

 fi
sh

in
g 

ac
tiv

iti
es

 a
nd

 c
lo

g 
co

as
ta

l w
at

er
w

ay
s, 

th
er

eb
y 

pr
ev

en
tin

g 
th

e 
flo

w
 o

f e
co

no
m

ic
 a

ct
iv

iti
es

 
(H

on
la

h 
et

 a
l. 

20
19



Ecological impacts and limits of biomass use: a critical review  

1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

St
ra

te
gi

es
 (t

ec
hn

ol
og

ie
s)

G
ai

ns
 a

nd
 e

ffi
ci

en
ci

es
Li

m
iti

ng
 fa

ct
or

 (l
an

d,
 w

at
er

, e
ne

rg
y,

 so
il,

 
nu

tri
en

ts
, e

tc
.) 

an
d 

im
pa

ct
s

Re
gi

on
al

 li
m

ita
tio

ns

Se
af

oo
d 

ha
rv

es
tin

g 
an

d 
aq

ua
cu

ltu
re

Si
nc

e 
19

61
, t

he
 a

nn
ua

l g
ro

w
th

 in
 c

on
su

m
p-

tio
n 

of
 fi

sh
 is

 g
ro

w
in

g 
tw

o 
tim

es
 fa

ste
r t

ha
n 

th
e 

po
pu

la
tio

n 
gr

ow
th

 a
nd

 e
xc

ee
ds

 a
nn

ua
l 

gr
ow

th
 in

 c
on

su
m

pt
io

n 
of

 m
ea

t f
ro

m
 a

ll 
te

r-
re

str
ia

l a
ni

m
al

s (
FA

O
 2

01
8b

)
Se

af
oo

d 
ha

rv
es

tin
g 

an
d 

aq
ua

cu
ltu

re
 c

an
 

re
du

ce
 o

r r
ep

la
ce

 d
ep

en
de

nc
e 

on
 li

ve
sto

ck

Se
af

oo
d 

ha
rv

es
tin

g 
ha

s l
ow

 e
ne

rg
y 

effi
ci

en
cy

 
(T

ye
dm

er
s 2

00
1;

 G
ui

lle
n 

et
 a

l. 
20

16
) a

nd
 

hi
gh

 e
ne

rg
y 

co
ns

um
pt

io
n 

(T
ye

dm
er

s 2
00

0,
 

20
04

), 
M

ar
in

e 
bi

od
iv

er
si

ty
 lo

ss
 (B

ai
le

y 
an

d 
Su

m
ai

la
 2

01
5)

, L
an

d 
(P

el
le

tie
r a

nd
 T

ye
d-

m
er

s 2
00

7;
 D

ris
co

ll 
an

d 
Ty

ed
m

er
s 2

01
0)

, 
B

lu
e 

w
at

er
 (P

el
le

tie
r a

nd
 T

ye
dm

er
s 2

00
8 

20
11

; P
ar

ke
r a

nd
 T

ye
dm

er
s 2

01
2)

33
%

 o
f m

ar
in

e 
fis

h 
sto

ck
s a

re
 fi

sh
ed

 a
t b

io
lo

g-
ic

al
ly

 u
ns

us
ta

in
ab

le
 le

ve
ls

 (i
.e

., 
ov

er
fis

he
d)

 
an

d 
35

%
 o

f g
lo

ba
l fi

sh
 c

at
ch

es
 a

re
 w

as
te

d 
or

 
lo

st 
(F

A
O

 2
01

8b
). 

In
 c

as
e 

of
 a

qu
ac

ul
tu

re
: 

fe
ed

 fo
r f

ar
m

ed
 fi

sh
 c

an
 in

cl
ud

e 
pr

ot
ei

n 
fro

m
 

w
ild

 fi
sh

 c
re

at
in

g 
a 

pa
ra

do
x;

 c
an

 c
au

se
 lo

ca
l 

is
su

es
 su

ch
 a

s o
rg

an
ic

 w
as

te
; l

ea
d 

to
 d

is
ea

se
 

an
d 

pa
ra

si
te

 tr
an

sm
is

si
on

s t
hr

ou
gh

 in
te

ra
c-

tio
n 

of
 w

ild
 a

nd
 fa

rm
ed

 fi
sh

 sp
ec

ie
s;

 m
ay

 
po

se
 h

ea
lth

 ri
sk

s b
y 

be
in

g 
co

nt
am

in
at

ed
 

w
ith

 to
xi

ns
 a

nd
 a

dd
iti

ve
s (

A
sc

he
 2

01
5)

. 
D

es
tru

ct
iv

e 
fis

hi
ng

 c
an

 le
ad

 to
 b

io
di

ve
rs

ity
 

lo
ss

 (B
ai

le
y 

an
d 

Su
m

ai
la

 2
01

5)

H
ig

he
r e

nv
iro

nm
en

ta
l b

ur
de

n 
on

 d
ev

el
op

ed
, 

O
EC

D
 C

ou
nt

rie
s i

n 
th

e 
G

lo
ba

l N
or

th
 d

ue
 

to
 h

ig
he

r i
m

po
rt 

of
 a

nd
 d

em
an

d 
fo

r s
ea

fo
od

 
(E

lli
ng

so
n 

an
d 

A
an

on
ds

en
 2

00
6,

 P
el

le
tie

r a
nd

 
Ty

ed
m

er
s 2

01
0)

Pl
an

t b
as

ed
 m

ea
t s

ub
sti

tu
te

 p
ro

du
ct

io
n

Lo
w

er
 c

ar
bo

n,
 w

at
er

 a
nd

 la
nd

 u
se

 in
 c

om
-

pa
ris

on
 to

 a
ni

m
al

 m
ea

t p
ro

du
ct

io
n 

(C
ap

rit
to

 
20

19
a;

 N
ew

bu
rg

er
 a

nd
 L

uc
as

 2
01

9;
 O

sm
an

-
sk

i 2
01

9)
H

ea
lth

ie
r f

oo
d 

in
 c

om
pa

ris
on

 to
 a

ni
m

al
 m

ea
t 

(c
on

ta
in

s fi
be

r, 
no

 c
ho

le
ste

ro
l b

ut
 si

m
ila

r 
in

 c
al

or
ie

s a
nd

 h
ig

he
r i

n 
so

di
um

 c
on

te
nt

) 
(C

ap
rit

to
 2

01
9b

, I
n,

 2
01

9)
A

 ra
ng

e 
of

 p
la

nt
-b

as
ed

 p
ro

te
in

s c
an

 su
bs

tit
ut

e 
an

im
al

 p
ro

du
ct

s a
nd

 h
av

e 
be

tte
r e

ne
rg

y 
co

nv
er

si
on

 e
ffi

ci
en

cy
 th

an
 a

ni
m

al
 p

ro
du

ct
s 

w
he

re
 th

e 
en

er
gy

 fe
ed

 c
on

ve
rs

io
n 

effi
ci

en
cy

 
ra

ng
es

 fr
om

 a
 lo

w
 o

f 3
.8

%
 fo

r b
ee

f t
o 

25
%

 
fo

r e
gg

s (
A

le
xa

nd
er

 e
t a

l. 
20

16
)

A
ss

oc
ia

te
d 

in
cr

ea
se

 in
 c

ar
bo

n,
 w

at
er

, e
ne

rg
y 

an
d 

la
nd

 u
se

 o
f n

um
er

ou
s p

la
nt

-b
as

ed
 

in
gr

ed
ie

nt
s a

nd
 m

an
y 

pr
od

uc
tio

n 
pr

oc
es

se
s 

(T
ug

en
d 

20
19

; L
óp

ez
-A

lt 
20

20
) (

Ti
lm

an
 

et
 a

l. 
20

11
, E

rb
 e

t a
l. 

20
16

b
Lo

w
 a

cc
ep

ta
nc

e 
of

 c
on

su
m

in
g 

pr
ot

ei
n 

re
pl

ac
e-

m
en

ts
. E

ve
n 

ac
ce

pt
an

ce
 o

f m
ea

t r
ep

la
ce

m
en

t 
is

 st
ill

 lo
w

 (E
lz

er
m

an
 e

t a
l. 

20
11

), 
an

d 
th

e 
m

aj
or

ity
 o

f t
he

 p
op

ul
at

io
n 

is
 n

ot
 e

xp
ec

te
d 

to
 re

ad
ily

 b
ec

om
e 

ve
ge

ta
ria

n 
(S

he
po

n 
et

 a
l. 

20
16

). 
M

or
eo

ve
r, 

th
e 

pr
ic

e 
of

 a
lte

rn
at

iv
es

 
ca

n 
be

 h
ig

he
r, 

i.e
., 

th
e 

pr
ic

e 
of

 B
ey

on
d 

M
ea

t 
is

 3
–4

 ti
m

es
 m

or
e 

ex
pe

ns
iv

e 
th

an
 th

e 
tra

di
-

tio
na

l m
ea

t p
ro

du
ct

s (
Re

in
ic

ke
 2

01
9)

M
ai

n 
im

pa
ct

 o
f a

ni
m

al
 p

ro
du

ct
io

n 
(c

at
tle

 
es

pe
ci

al
ly

) i
s n

ot
 d

ire
ct

 m
et

ha
ne

 e
m

is
si

on
, b

ut
 

G
H

G
 e

m
is

si
on

s d
ue

 to
 d

ef
or

es
ta

tio
n 

an
d 

la
nd

 
us

e 
ch

an
ge

 c
au

se
d 

by
 ra

ng
el

an
d 

ex
pa

ns
io

n 
fo

r 
an

im
al

 p
ro

du
ct

io
n 

(B
ar

on
a 

et
 a

l. 
20

10
; M

ac
-

ed
o 

et
 a

l. 
20

12
). 

Th
is

 sc
en

ar
io

 p
re

do
m

in
at

es
 

in
 th

e 
tro

pi
cs

 a
nd

 G
lo

ba
l S

ou
th

 (A
m

az
on

ia
n 

B
as

in
) o

n 
a 

sc
al

e 
th

at
 c

an
 b

e 
co

ns
id

er
ed

 
si

gn
ifi

ca
nt

 (L
im

a 
et

 a
l. 

20
11

; A
id

e 
et

 a
l. 

20
13

)

Fo
od

 w
as

te
 p

re
ve

nt
io

n 
an

d 
va

lo
riz

at
io

n
Re

di
str

ib
ut

io
n 

an
d 

sh
ar

in
g 

(c
om

m
un

ity
 

fr
id

ge
s, 

st
al

e 
fo

od
 st

or
es

, r
ef

rig
er

at
in

g 
an

d/
or

 p
ac

ka
gi

ng
 c

om
pa

ni
es

, c
om

m
un

ity
 

ga
rd

en
s, 

et
c.

), 
im

pr
ov

ed
 p

re
se

rv
at

io
n 

an
d 

va
lo

riz
at

io
n 

(c
an

ni
ng

, b
re

w
in

g,
 so

ur
in

g,
 

pr
oc

es
si

ng
 in

to
 h

om
e-

m
ad

e 
ja

m
, m

ar
m

a-
la

de
, b

ee
r, 

et
c.

)

Lo
w

er
 fo

od
 w

as
te

 a
nd

 h
ig

he
r f

oo
d 

us
e 

effi
-

ci
en

cy
 (D

av
ie

s e
t a

l. 
20

19
; D

av
ie

s a
nd

 E
va

ns
 

20
19

)

H
ea

t, 
en

er
gy

, c
lim

at
e 

ch
an

ge
 (F

ar
eS

ha
re

 2
01

7;
 

D
ep

ta
 2

01
8)

C
om

m
un

ity
 sh

ar
in

g 
m

ay
 c

re
at

e 
so

ci
al

 p
ro

b-
le

m
s w

ith
 th

e 
C

om
m

on
s (

H
ar

di
n 

19
68

), 
an

d 
re

su
lt 

in
 u

ne
qu

al
 d

ist
rib

ut
io

n 
of

 re
so

ur
ce

s, 
in

 
th

is
 c

as
e—

sto
ra

ge
 sp

ac
e

D
iffi

cu
lt 

to
 im

pl
em

en
t i

n 
en

er
gy

 p
oo

r, 
de

ve
lo

p-
in

g 
co

un
tri

es
, w

he
re

 it
 m

ig
ht

 b
e 

ne
ed

ed
 m

os
t. 

W
ar

m
 a

nd
 w

et
 c

ou
nt

rie
s f

ac
e 

th
e 

ch
al

le
ng

e 
of

 
qu

ic
k 

rip
en

in
g,

 o
ve

r-r
ip

en
in

g 
an

d 
qu

ic
ke

ni
ng

 
of

 a
ge

nt
s o

f d
ec

ay
 a

nd
 ro

t



 O. Arodudu et al.

1 3

that can benefit biomass production. It has been shown 
that green roofs can also be considered as sources of 
biomass for bioenergy production (Arodudu et al. 2014). 
Domestic gardens and aquaculture (aquariums) can also 
be expanded. We already see how basements can be used 
to grow mushrooms (Corbin 2019). Another example is 
using roadside vegetation for bioenergy (Voinov et al. 
2015).

3. Decreasing consumption and waste, demand-side incen-
tives The most radical solution to biomass overuse is 
decreasing our overall consumption of resources. This is 
especially relevant for the rich OECD world, where con-
sumption has been disproportionately high and exces-
sive. Food waste alone amounts to 1.3 billion tonnes per 
annum (Bos-Brouwers et al. 2012). Resources used for 
food production that are lost or wasted globally add up 
to 4.4 gigatonnes of GHG, that is more than emissions 
from all countries but the USA and China (Rezaei and 
Liu 2017).

  The same applies to energy, where every kilowatt 
saved is no different than a kilowatt produced. Therefore, 
by reducing our energy demands we can curtail bioen-
ergy production and also cut down on the production of 
other types of energy.

Even though the Global South (Latin America and 
Africa) has not fully explored land use practices for maxi-
mization of its biomass productivity potentials like the 
Global North (Asia, Europe and North America) (Kraus-
mann et al. 2013), a future increase in biomass supply 
(induced by land use practice across the Global South) 
without reduction in consumption outlook, as well as 
waste reduction and valorization may not lead to the elimi-
nation of growing biomass demand deficit occasioned by 
continued population increase and associated rising food, 
feed and energy needs, hence the need for reduction in 
demands, consumption and wastes.

When considering or promoting a certain idea, technol-
ogy or method, we should be careful to have a clear assess-
ment of the following measures:

1. Indicators of efficiency In the case of bioenergy, it can 
be EROEI. EROEI is a measure of the capacity of an 
energy source or technology (bioenergy inclusive) to 
support continuous socioeconomic functions (Hall et al. 
2009). It has also been used as an indirect indicator of 
the kinds of economy or lifestyle an energy source or 
technology can support, i.e., poor VS. rich economy OR 
agrarian society/civilization VS. industrial/advanced 
economy (Lambert et al. 2014). For food production, 
it can be product per unit energy, water, land used also 
referred to as the water, land and energy productivity of 
food production.a  ht
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2. Environmental footprints and life cycle impacts Envi-
ronmental Footprint Assessment (EFA) and Life Cycle 
Assessment (LCA) approaches cover areas such as water 
use, land use and the GHG emissions. Although LCA 
covers all of these areas (Rebitzer et al. 2004), in EFA, 
different environmental indicators are developed to focus 
on a specific resource (Vanham et al. 2019). In general, 
the EFA and LCA are complementary, follow a life cycle 
approach (Boulay et al. 2013; Hoekstra 2017; Pfister 
et al. 2017) and yet have different foci, goals (Hoek-
stra 2017) and means of communication of the results 
(Pfister et al. 2017). In LCA, the life cycle inventory 
analysis (LCI) translates water use, land use or GHG 
emissions into environmental impacts and their inter-
pretation based on weighting of impacts (Pfister et al. 
2017), while the EFA quantifies resource uses, assesses 
efficiency and security of resource use (Hoekstra 2017). 
In this respect, the concept of limited resources is the 
fundamental assumption of the EFA; however, the life 
cycle impact assessments do not take this into account 
(Castellani and Sala 2012; Pfister et al. 2017) and rather 
focuses on comparative assessment of impacts of prod-
ucts (Hoekstra 2017). As such, the two approaches can 
fill different gaps, i.e., LCA can be used for comparing 
environmental impacts of different technologies while 
the EFA can be used to assess their appropriation of 
limited resources.

3. Social acceptance and impacts Here, we need to con-
sider various social indicators, such as employment, 
equity, education, human health and technology transfer. 
After all, it is the social dimension that matters most. 
There are numerous indicators of social well-being, such 
as happiness index (Helliwell et al. 2018), well-being 
(OECD 2020), life satisfaction (Ortiz-Ospina and Roser 
2017) and others. We do want to make sure that imple-
mentation of new technologies and methods of biomass 
extraction and processing will contribute to the overall Ta
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Fig. 2  Iconic Sydney Central Park multifunctional building, which 
boasts many smart living features (https ://www.wsp.com/en-AU/proje 
cts/centr al-park)
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societal well-being and should test the impact of these 
technologies on various factors that contribute to the 
relevant indicators. Life cycle sustainability assessment 
(LCSA) tries to merge both EFA and LCA to address 
environmental and resource impact, as well as social, 
policy, health, economic and even cultural concerns 
within the same framework (Ekener et al. 2018). LCSA 
will also engender and incorporate stakeholder concerns 
in every context like other sustainability assessment 
frameworks (Arodudu et al. 2017).

Conclusions

Can we say that there is enough biomass to meet food, feed, 
energy and chemical production demands, as well as provide 
for biological processes under a decarbonized circular econ-
omy? We certainly will run out of resources if population 
and consumption continue to grow. Since a 100% circular 
economy is not possible in reality, there is a need to reduce 
global consumption outlook for biomass, even though there 
are ways that we can increase efficiency and benefit more 
from what we can extract from photosynthetic assimila-
tion of the energy of the Sun. This will help to stay within 
the earth’s carrying capacity and planetary boundaries as 
humanity charts its course ahead.

Biomass use should be prioritized for food, then feed, 
materials and lastly bioenergy (Bos-Brouwers et al. 2012; 
Piotrowski et al. 2015). The reason being that the value of 
biomass for food and feed is higher than for materials and 
bioenergy (Bos-Brouwers et al. 2012) as there are more 
efficient substitutes (i.e., wind and solar technologies) for 
energy from biomass, but no alternatives for some bio-
mass derived materials like fat, carbohydrates and proteins 
(Piotrowski et al. 2015). However, food production process 
can be improved in many ways, and there is no reason why 
biomass that is left behind in these processes (i.e., wastes 
and residue) cannot be used for other purposes. There are 
also vast tracts of land which are not suitable for food pro-
duction, where again we can collect biomass for bioenergy 
or chemical production.

In 2011, the global biomass demand (12.14 Gt dry mat-
ter) was already higher than the new global biomass har-
vested (11.39) (Piotrowski et  al. 2015) and is expected 
to continue to increase in the future (Bos-Brouwers et al. 
2012; Piotrowski et al. 2015). Concurrent societal chal-
lenges, such as population growth, climate change, bio-
diversity loss, depletion of mineral resources and water 
scarcity, may require solutions that further limit biomass 
supply. For instance, a Global Deal for Nature (GDN) calls 
for expanding protected areas on the Earth’s surface from 
a current target of 14.9% (terrestrial and inland waters) to 

30% (terrestrial and inland waters) by 2030 (Dinerstein 
et al. 2019) whereby limiting availability of land for bio-
mass growth.

In conclusion, even though we admit that there are strat-
egies for advancing further production and use of biomass 
under a decarbonized circular economy, in many cases the 
jury is still out and we can therefore not come to a solid 
verdict about its future.

Availability of data and material All information used were properly 
referenced and cited.
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