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Summary
The world population increase to 9.6 billion in 2050 and 10.9 in 2100. Global challenge to
feed so many people with finite natural resources. Currently, the global food-chain’s nitrogenand phosphorus-use efficiency (NUE and PUE respectively) is 14% when people consume
vegetables and reduced to only 4% when people consume animal products. Increasing
nitrogen-use efficiencies is possible thorough improving farm and livestock management,
recycling manure, crop residues and food waste, changing diets and improving fertilizer
transportation.
This thesis is developed from the idea to producing black soldier fly larvae (BSFs) by
recycling soy and wheat residues, so that animals, such as pigs and chicken, could use BSFs
as a possible nutrient source.
This research aims to develop and apply a model to assess different scenario on using soy and
wheat residues, either directly by pigs or as a feed for BSFs to be consumed by pigs and
chicken on the food chain’s NUE and PUE. The model also considers the human consumption
of soy, wheat, pigs and chicken. my main challenge was producing BSF as a nutrient source
for animals on nutrient use efficiency in the food chain and estimating the required amount of
nitrogen (N) and phosphorus (P) fertilizer. I evaluated four scenarios that each quantifies the
amount of N and P fertilizer assuming 1) No BSF consumption and no soy and wheat residues
consumption; 2) Maximum possible soy and wheat residues consumption by pigs; 3)
Maximum possible BSF consumption by pigs; and 4) Maximum possible BSF consumption
by chicken.
Five EU27 countries were selected: The United Kingdom, France, Germany, Belgium and the
Netherlands, because the Dutch insect breeding company, Protix, is interested to gain more
knowledge on developing insect products as pet feed, feed and food in these countries. A flow
chart, that described the N and P flow in an integrated food chain, was developed for these
countries. The flow chart was transformed into a model to quantitatively assess the impacts of
different scenarios on the NUE and PUE in the whole food chain by calculating them from 1)
N and P fertilizer to N and P levels in soy and wheat; 2) N and P levels in soy and wheat to N
and P levels in pigs and chicken; 3) N and P levels in soy, wheat and animals to N and P
levels in humans; 4) N and P levels in soy and wheat residues to N and P levels in BSF and
pigs; and 5) N and P levels in BSF to N and P levels in animals.
Data to parametrize the model stemmed from a systematic literature review in the Web of
Science databases. Additional data were derived from selected studies. FAOstat and Eurostat
were used to obtain country data to assess the N and P uptake.
The various calculated NUE values provide a first indication of the potential to increase the
food chain’s NUE and PUE by feeding animals on these BSFs. These calculations showed
that the NUE from: 1) soy and wheat residues to BSFs is higher than for pigs and 2) from
BSFs to animals (pigs and chicken) is higher than from wheat and soy.
The calculated impact of replacing soy and wheat with BSF meal and crop-residue meal to the
required amount of N or P for pigs and chicken for human consumption. My results showed
that the required N and P in feed to meet the requirements for human consumption through
pigs or chicken is always the least when using BSFs.
1

Calculations showed further that 1) the human consumption of pigs is most nutrient efficient
and the human consumption of chicken is least efficient when the animals consume wheat; 2)
the direct consumption of soy and wheat residues to pigs is a more promising approach to
reduce N and P fertilizer use than indirect consumption through feeding soy and wheat
residues to BSFs; 3) when BSFs replace wheat or soy as a nutrient source for pigs and
chicken, the fertilizer use for chicken diets is most reduced; 4) comparing the four scenarios,
Scenario 2 reduces fertilizer consumption most.
In conclusion, when humans obtain nutrients only from pigs and pigs consume the maximum
possible residues, the least nutrient fertilizer required in the food chain. When humans obtain
nutrient from pigs and pigs consume maximum possible BSFs, nutrient loss is reduced. Then,
when humans consume soy and wheat directly, nitrogen- and phosphorus-use efficiency is
high. Moreover, when humans obtain nutrient from chicken and chicken gain maximum
possible BSFs, nutrient fertilizer can be reduced. BSF is thus highly recommended as a
sustainable nutrient source to feed pigs and chicken.
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1

Introduction

1.1

Background

In 1900, the total world population was about 1.6 billion (Moreland et al., 2010) while it is
estimated that the total population will increase from a current 7.5 billion to 9.6 billion in
2050 and 10.9 billion in 2100 (Gerland, et al., 2014). How can the earth feed so many people?
Before 1900s, crops were mainly fertilized by biological nitrogen fixation (BNF). Legumes
and pulses were identified being able to fix N2 into protein and diazotroph, a kind of bacteria,
converts atmospheric N2 into protein. These natural processes dominated available nitrogen
(N) in ecosystem. Annually, soy fixes 16.4 Tg N and it represents 77% of the global
biological nitrogen fixation (BNF) into agricultural fields (Herridge, Peoples and Boodey,
2008). To increase the yield, farmers use animal excretion (manure) for fertilizing the land.
This is because animal excretion contains nitrogen and phosphorus which can be easily
absorbed by crops (Bouwman et al, 2011). In 1909, the German scientists, Fritz Haber and
Carl Bosch, developed a chemical nitrogen fixation process which artificially transfer
atmospheric nitrogen into ammonia, known as the Haber-Bosch process. In 1913 N-fertilizer
was produced at industrial scale (Smil, 2001). With the increasing input of N fertilizer, the
crop and livestock production has grown rapidly over the years. In turn, the population
increased.
However, the growing use of N fertilizer can lead to environmental problems due to large N
losses to the environment during the whole food chain, as illustrated in Figure 1.1.

Figure 1.1. The estimated global scale use efficiency of nitrogen in the whole food chain
(After Galloway and Cowling, 2002). The values are assumed to be similar for phosphorus
Globally, 6% of N-fertilizer is estimated to be lost in to the environment during transportation
of N fertilizer from the fertilizer factory to fields. Then, crop removal by harvest is on average
approximately only 50% of the applied fertilizer. When harvesting, it is estimated that over
16% N is lost, partly via crop residues. Field crop has to be stored and made into food. All the
by-products which means the parts of food people don’t use as food material causes 5%
3

nutrient lost into environment. In the last stage of food chain, crop production serves humans.
Due to food waste, there will be 12% N loss. If we look at nutrient flow in the whole food
chain, only 14% N is used by vegetarian. N loss is even worse when people consume meat.
Pastoral system needs to consume crop to feed cattle, pigs, poultry etc. Harvested crop is
made into feed and obtains 31% nitrogen out of total N-fertilizer. Animal metabolism results
in 24% N loss while there is a further 3% loss of nitrogen when rearing animals for milk and
meat because of waste and spoilage of food. Ultimately, people who consume animal
products only use 4% in total while the other 96% N is lost in the environment (Galloway and
Cowling, 2002).
Phosphorus (P) is another essential nutrient for crop growth and phosphorus fertilizer also
largely contributes to an increase in crop and animal production. Different from the
production of nitrogen fertilizer, phosphorus fertilizer is produced by mining phosphorus
rocks (Cordell et al., 2009). With the flourishing population in recent centuries and requiring
more food, exploiting phosphorus rock and producing phosphorus fertilizer is increasingly
demanded. Analysing the use efficiency of phosphorus fertilizer in food chain gives insights
in a sustainable use of P fertilizer. The use efficiency of phosphorus fertilizer is comparable to
the use efficiency of nitrogen fertilizer. For example, in China, the difference of the use
efficiency of nitrogen and phosphorus was 3% and 2% in 1980 and 2005 respectively (Ma et
al., 2012). On a global scale, Cordell et al., (2009) estimated that humans take up about 20%
of the phosphorus applied with fertilizer, being slightly higher than nitrogen.
As with N, the loss of P fertilizer into environment induces pollution issues. It is estimated
under a business-as-usual scenario, that the readily available existing rock P reserves could be
depleted within 50-100 years. When phosphorus rock disappears, there is no phosphorus
resource to meet the requirement from phosphorus fertilizer in agriculture which is
understood as a demand of phosphorus outstrip supply (Cordell, 2009).
Phosphorus behaves in three ways when it is applied in soil. One of the ways is that crops
take up phosphorus. The remaining part (input minus uptake) is the P surplus. The P surplus
partly react with oxides of aluminium and iron, becoming immobile and accumulated in soil
(P accumulation). The remaining phosphorus is lost into the environment by leaching to
ground water and runoff to surface water.

1.2

Problem statement

Loss of nutrients (nitrogen and phosphorus) causing environmental problems
The loss of nutrient leads to nutrient-related environmental problems. For example, loss of N
to air as N2O, which is greenhouse gas, leads to global warming (Myhre et al., 2013). When
people are doing agricultural and pastoral activities, the use of nitrogen fertilizer apparently
increase the emission of N2O and this is because ammonia could react into N2O and NO in
soil via the processes nitrification and denitrification. Soil quality is indicated by carbon and
nitrogen substrate availability, temperature, pH and soil moisture content and it influences
nitrification and denitrification processes (Mosier et al., 1998). Ammonia could also directly
volatilize from soil into air when applying nitrogen fertilizer and manure in agriculture and it
is estimated about 50% of applied fertilizer volatizing (Ma et al., 2012). With ammonia
precipitation, it pollutes waterbodies and lands and potentially leads to eutrophication and
acidification (Bouwman et al, 2011). Nitrogen and phosphorus leaching into ground and
4

surface water promotes acidification and eutrophication of water bodies. Ammonia
precipitation and N&P leaching cause widespread problems in ways of nonpoint source
pollution. Nonpoint source pollution normally covers a large geographic area and is hardly
identifiable (Young et al., 1989). This report will give insights on the reduce nitrogen loss.
Ma et al. (2012) defined nitrogen-use efficiency and their definition could also be used for
phosphorus use efficiency. In food chain, the nitrogen and phosphorus flows sequentially
from N and P fertilizer produced to other compartments which are N & P fertilizer applied, N
& P in crop, N & P harvested, N & P in feed, N & P in food and N & P consumed by people.
They are shown in figure 1.2. The following text will describe NUEs in detail and the
definition works for PUEs as well. (1) The NUE in food chain is the ratio of the amount of N
consumed by humans out of the amount of total N inputs. (2) The NUE in crops is defined as
grain yield per unit of nutrient supplied from fertilizer that is as the uptake efficiency of crop,
that is the ability of plant to extract the nutrient from soil, times utilization efficiency which
means the ability of the plant to convert the absorbed nutrient into grain yield (OrtizMonasterio, 2001). (3) The NUE in store is the ratio of the N in meat products, such as meat,
milk, eggs, etc., and the total N inputs (Ladha et al., 2005; Bouwman et al., 2011). (4) The
NUE in consumption by humans is the amount of food. In this report, we will talk about the
NUE and PUE in store. It is identified as the ratio of the amount of N or P in meat products
and the amount of N or P in feed.
Approaches to increase the nutrient (nitrogen and phosphorus) use efficiency
Figure 1.2. shows the approaches to improve the nitrogen and phosphorus use efficiency in
both crop based diet and meat based diet.
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Figure 1.2. Approaches to improve the nitrogen use efficiency (NUE) (After Galloway and
Cowling, 2002).
There are five general approaches to increase the nutrient use efficiency in agriculture, as
illustrated in Figure 1.2. and described below:
1) Improving farm management to promote that more N and P of fertilizer is taken up by
crops and less N and P is lost.
To improve NUE and PUE in crops, farmers need to follow the 4R Nutrient Stewardship,
which stands for applying the right nutrient source at the right rate, right time and right place
(Bruulsema, 2009). The 4R Nutrient Stewardship is applied in developing sustainable
agriculture and it is known as the best management practices (BMPs) in improving fertilizer
application (García, 2012). One plant absorbs nutrients when using right nutrient source,
nutrients can meet all the requirement of the plant (Mikkelsen et al., 2009). Right rate of
fertilizer use implies that right amount of fertilizer is applied to crops. In practice, there is no
exact standard for making decision (Phillips et al., 2009). The reason is that with different soil
quality, climate, crop species, all kind of environmental factors, there could be different
extent in fertilizer using rate. It is a regional decision for the people from the certain regions
and people should still follow the principle of soil quality, climate, crop species and all kind
of environmental factors to define the right rate of fertilizer. Although generally speaking,
people cultivate seeds in spring and harvest crops in fall, the periods of crop growing differ
from one to another plant. Right time means applying fertilizer at the period of peak fertilizer
demand. Right place is explained that the fertilizer needs to place in soil zone where the plant
roots can absorb nutrient. Easily volatile nitrogen fertilizer such as manures and urea should
not be put in the surface of soil (Mikkelsen, 2011).
2) Recycle animal and humans manure, crop residues and food waste.
Directly discharging humans and animal excretion into water pollutes sources of drinking
water (Ferguson et al., 2003). Humans and animal manure contains nitrogen, phosphorus and
pathogen which can possibly lead to eutrophication, acidification and virus spreading.
Recycling animal manure is highly recommended. Reuse of animal and humans manure
fertilizes crops with nitrogen and phosphorus, improves land quality, maintains soil pH,
reduces pesticide dependence and sequesters carbon (Rice et al., 2006). Meanwhile, it is a
biological and economic way of agriculture since crops require less artificial fertilizer.
Apart from animal and humans manure, it can be important to recycle crop residues for the
reason that it avoids depletion of nutrient from the soil. “Retuning nutrients to farms,
regenerating soils, directing nutrient flow from wastewater, strengthening soils and reducing
reliance on artificial fertilizers” are most important concepts in circular economy (Jefferies,
2018). Food waste is potential feed for insects and pigs. By feeding insects or pigs with food
waste, which is properly treated by killing bacteria, animals transfer waste into protein, i.e.
meat (Rivin et al, 2014). Larvae of BSF can be fed on food waste and converses organic
waste into black, earthy-smelling and nutrient-rich humus. BSF itself is also a source of feed
for pig, chicken and fish (Booram et al. 1977; Newton et al. 1977; Bondari & Sheppard 1981;
Lardé 1990; Sheppard et al. 1994; Newby 1997).
3) Dietary change

6

The other important way to increase nitrogen and phosphorus use efficiency is being the
convincement of people to change their diets. The NUE in humans in different dietary
explains possibilities in improving NUE and PUE. As illustrated, when crop is harvested, the
NUE is 31%, which means that only 31% of the N applied is harvested. The harvest crop
produces 26% as vegetable or crop for humans’ consumption. But when livestock is fed on
the harvested crop it produces 7% livestock products. There is a large loss of nutrient from
feed to animal stock and the loss is 24%. The NUE for livestock products is 7% divided by
31% and it equals 22.5%. Thereby, we want to know if the crop is used by different animal,
how much would the NUE for animal stock change?
Humans develop their diets due to cultural, climatic and geographic conditions, historical
reasons, incomes and urbanization (Tilman and Clark, 2014). There is potential of increasing
NUE by adopting different diets. According to Van Huis, people in southern and central
Africa and southeast Asia developed insects based diet. Humans have a long history in using
insects. For example, humans farm insects for biological control, health and pollination.
Likewise, humans nurse insects for their production and the most famous insects are bees and
silkworms which produce honey and silk, respectively. Besides, insects are feed to animal,
such as fish, as well as for pigs and poultry. The reasons that insects are used as animal feeds
is because they provide protein for animals thus reducing plant protein (e.g. soy) demand, and
thus contributing to less land use and less deforestation. It is easy to turn insect protein into
animal protein. For example, maggots are often dry and dehydrated with fire and once they
are dry they will be ground into power to be added into animal feed for livestock, poultry and
fish. Insects are also plentiful and sustainable. They reproduce fast and thus produce huge
amounts of insects (Hagler, 2001). In addition, humans also rear insects as food. It is
estimated that 7 insect species that are mostly consumed by people around the world are
Coleoptera (beetles), Lepidoptera (butterfly and moths), Hymenoptera (bees, wasps and ants),
Orthoptera (grasshoppers and crickets), Isoptera (termites), Hemiptera (true bugs), and
Homoptera (cicadas) (Van Huis, 2013). Insects as food have positive influences on
environment. Insects are cold-blooded animals which means that they need less energy than
cattle, pigs and poultry to convert nitrogen and phosphorus into protein so that they can be
very efficient to convert food. They also produce less greenhouse gases than most livestock.
In addition, insect rearing does not necessarily take up land. Furthermore, insects can
consume organic waste which helps to bring nutrient loss back.
BSF draw attentions on industrial production in western countries (Veldkamp et al., 2012).
BSF larvae can contain 35-57% crude protein and around 35% crude fat in dry weight while
as a comparison to fishmeal and soy meal, the crude protein is 61-77% and 49-56%
respectively and the crude fat is 11-17% and about 3% (Veldkamp et al., 2012). BSF is an
appropriate nutrient source of feed for livestock, poultry and fish as they contain
competitively high amount of protein and fat (Newton, 1977; St-Hilaire et al., 2007; Sheppard
et al., 2008).
4) Improved livestock management
An animal requires P for maintenance and for production (e.g. milk, meat, progeny). For
example, if the level of milk production of a dairy cow, or the growth rate of a pig increases,
dietary P supply should increase as well to cover the higher P demand. Part of this additional
P-intake is retained in the animal, whereas the remaining part is excreted (Bikker and van
Vuuren, 2014). Animal metabolism causes 24% nitrogen loss when feed goes into animal
7

stock globally (Galloway and Cowling, 2002). Animal manure can be a valuable resource, for
example, global phosphorus fertilizer was about 31Tg/y in 2000 which 17Tg/y out of 31Tg/y
of phosphorus was provided by manure (Bouwman et al, 2011). If properly managed by using
effective BMPs and manure applications, animal manure could have improved soil structure
and increased vegetative cover in many areas so that reducing runoff and erosion potential.
By improved livestock management, more N and P in feed can be converted to milk and meat
and less to excretion.
5) Improved fertilizer transport management
The N fertilizer that is lost during transport from factory to land (factory to retailer, from
retailer to farmer/farm and from farm to land) could be reduced by more efficient
transportation management but the opportunities for this are small.

1.3

Research aims and questions

This report assesses the potential improvement of NUE and PUE in the food chain by using
soy and wheat residues as a nutrient source for black soldier fly larvae (BSFs), which in turn
is used as a nutrient source for pigs, chicken and fish for human consumption.

Research aim and research questions
My research aims to develop and apply a model to assess scenarios that change NUE and
PUE in the whole food chain on use of food waste (soy and wheat residues) either directly by
pigs or feed it to BSFs that subsequently are consumed by pigs and fish and to assess the
amount of N and P fertilizer under these four scenarios.

This objective results in the following research questions (RQs):
RQ1
What are the nutrient use efficiencies from: (i) fertilizers to soy and wheat, (ii)
soy, wheat and BSF to animals (pigs, chicken and fish), (iii) soy and wheat residues to pigs
and BSF larvae and (iv) from soy, wheat and animals to humans?
RQ2
What are the impacts of replacing soy and wheat with soy and wheat residues
and BSF larvae meal to the required amounts of N and P for animals?
RQ3
What are the impacts of the changes into the required amounts of wheat or
soy on the required N and P fertilizers for soy and wheat?
I develop a nitrogen and phosphorus flow in an integrated food chain with and without
production and consumption of BSF and the model approach will be explained in text
below.
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2

Methodology

2.1

Study area

The study includes five countries in the EU27, which are the United Kingdom, France,
Germany, Belgium and the Netherlands. This region is of interest for a Dutch insect breeding
company called Protix who would like to gain more knowledge on the potential for breeding
and selling insect products in this region. Protix is an innovative protein manufacturer and it
produces pet feed, feed and food by using insect protein.

Figure 2.1. A map of Europe with highlight of the United Kingdom, France, Germany,
Belgium and the Netherlands (after Google Maps).

2.2

Modelling approach

Nitrogen and phosphorus flows in an integrated food chain with and without production
and consumption of BSF
An integrated model for assessing NUE and PUE in the food chain for the above-mentioned
region is developed. The flow chart (Figure 2.2) shows the N and P flow in food chain. N and
P sources go into soy and wheat, then from soy and wheat to pigs, chicken, fish and humans.
Besides that, N and P in pigs, chicken and fish is taken up by humans. Moreover, pigs and
BSF larvae take up nutrient by consuming soy and wheat residues. The NUE and PUE from:
9

(i) N and P fertilizer to N and P in soy and wheat; (ii) N and P in soy and wheat to N and P in
animals and humans; (iii) N and P in animal to N and P in humans; (iv) N and P in soy and
wheat residues to N and P in pigs and BSF larvae and (v) from BSF larvae to pigs, chicken
and fish will be assessed in the model.
More importantly, I will assess the impacts of different scenarios with respect to the
consumption of BSF larvae and soy and wheat residues by animals on the required amount of
N and P in soy and wheat and consequently on the required amount of N and P fertilizer. By
doing so the following assumptions are made:
1. The consumption of N and P in soy, wheat, animals by humans in different countries
remains constant; and
2. Recycling manure is constant and we do not specifically investigate manure as pig
manure, chicken manure, fish manure and humans ‘ excretion. This is because the
impacts on N and P recycling by manure are included considering the amount of
required animal stocks is constant and the humans population is constant. The only
change is the production of insect manure, and we assume that it is replacing mineral
fertilizer.
The integrated model for NUE and PUE in food chain is illustrated below in Figure 2.2.

Figure 2.2. Nutrients flow in an integrated food chain with arrows highlighted in red
illustrating the production of BSF in the food chain.
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This figure starts with nitrogen and phosphorus sources inputting into soil and then N&P is
absorbed by soy and wheat. After that, soy and wheat will be consumed by humans, pigs,
chicken, fish and other species. Humans who consume meat take up N and P in pigs, chicken
and fish. We only discuss the flow of N&P to humans, pigs, chicken and fish and we
neglected the flow of N&P to other animals in this report. Nevertheless, not every single piece
of pigs, chicken and fish will humans consume, food waste will be presented as by-products
in figure 2.2. In fact, soy and grain residues produced in harvesting can be reused by pigs as
well as by BSF. BSF is produced as a nutrient source for pigs, chicken and fish. Reusing
residues by BSF encloses nutrient cycle and this gives insights in developing a sustainable
agriculture. In figure 2.2, arrows highlighted in red illustrate the production of BSF in the
food chain. Numbers in figure 2.2 are equation numbers to calculate the nitrogen and
phosphorus use efficiency as presented in section 2.3.

2.3

Approaches to calculate the nutrient use efficiency

1

From N and P sources to N and P in soy and wheat

Nutrient (nitrogen and phosphorus) use efficiency is defined as the amount of nutrients that is
taken up by soy and wheat divided by the amount of nutrient that is applied in fields. To
calculate nutrient use efficiency (XUE, which X stands for nitrogen and phosphorus), all
sources that fertilize soy and wheat should be included. Total N and P inputs, Xin,total to soy
and wheat include artificial fertilizer, manure, irrigation, deposition, waste and biological
nitrogen fixation (BNF). The Nutrient use efficiency (XUE, which stands for NUE and PUE)
in soy and grain was calculated as
XUEcorp, i = (Xout,total / Xin,total) * 100%

Eq.1

XUEcrop,i

Nutrient use efficiency from N and P sources to N and P in soy and
wheat;

Xout,total

The removal of X by crop harvesting, grazing of fodder and crop
residues where X stands for nitrogen or phosphorus in total crop
production (tons/yr);
Total input of X (nitrogen or phosphorus) into soy and wheat
(tons/yr).

Xin,total

2

From N and P in soy and wheat to N and P in pigs and chicken

XUE from soy and wheat to pigs, chicken and fish was calculated as (Ladha et al., 2005,
Bouwman et al., 2011):
XUEanimal,i = (DWanimal,i * Xanimal,i) / (FCRfeedanimal,i * Xfeedanimal,i)

Eq. 2

XUEanimal,i

Nutrient use efficiency from N and P in soy or wheat to N and P in
animal,i;

Xanimal,i
FCRfeedanimal,i

X (N or P) content in animal,i (kgN or P kg−1 DW animal);
Feed conversion ratio, being the amount of fresh weight feed used to
produce 1 kg of live animals (kilogram fresh weight feed per
kilogram live (fresh) weight of insects). With feeding animal in
different diets, animal will have different FCR;
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Xfeedanimal,i

X (N or P) content in diets of animals (kgN or P kg−1 DW feed).

With this equation, NUE can be derived from the FCR, the N contents of animal,i and the diet
of animal,i (feed). The NUE is defined as the amount of nitrogen of animal,i divided by the
amount of nitrogen of feed for animal,i. This takes the dry weight of animal,i into account and
this is because only dry tissue contains nitrogen. We consider the amount of nitrogen of
animal,i as the nitrogen content in animal times the dry weight of animal,i. To quantify the
amount of nitrogen of feed, it is formulated as feed conversion ratio multiplied by the
nitrogen content in feed. It is important to take into account the difference of the NUE per
animal species and thereby using the weighted various animal intake average is recommended.
PUE can be calculated in the same way as NUE only replace N with P in equation.
This equation is suitable for calculating both NUE and PUE. In order to calculate XUE, we
need to know the dry weight of animal,i, the X content of animal,i dry weight, the feed
conversion ratio of animal,i in different feeds (soy or wheat) and X content of soy or wheat
for animal,i dry weight.
There are two possible methods in calculating the XUE from soy meal (and BSF larvae meals
which will be explained in equation 5) to pigs. In this report, we apply equation 2 to get the
XUE from feeds to pigs. But due to the lake of data, we don’t have specific FCRsoy (and
FCRbsf (see eq.5)). Appendix 1.1 gives another method and provides possibly essential way
of calculating accurate FCRsoy (and FCRbsf, see eq. A1.2) for pigs.
3
From N and P in soy, wheat and animals (pigs and chicken) to N and P in
humans
XUE from soy, wheat, pigs, chicken and fish to humans was calculated as:
XUEhumans = Xintake / Xmarket* 100%
XUEhumans
Xintake
Xmarket

Eq 3.

Nutrient use efficiency in humans where X stands for N and P;
The amount of N or P that humans take up from soy, wheat or each
animal per year in a country (tons N or P /yr);
The amount of N or P of soy, wheat or animal available on the market
in each country by production + import – export (tons N or P/yr).

Note that the products (soy, wheat or animals) provided to humans in a country are not equal
to the amount produced by local farms, but it should also include the amount imported from
other regions minus the export to other regions. The total amount of nitrogen and phosphorus
in soy, wheat or animal products available for humans is called Xmarket.
This model calculates the NUE and PUE from soy, wheat and animal products to humans.
The amount of nutrient that humans intake from soy, wheat or animal,i is divided by the
amount of nutrient that animal products serving in market. Based on Meier (2013), the
average intake of pork, chicken and fish by humans is given on a daily basis per person (see
table A 2.10) and it is indicated as intake 2006 mean (g/(person*day)). With intake 2006
mean (g/(person*day)), the X content in pork, chicken and fish and population (number), the
Xintake can be calculated for each country. Appendix 1.2 presents the approaches to calculate
Xintake and Xmarket and Appendix 3 gives data of Xintake and Xmarket.
The nutrient of soy or wheat products taken up by humans is generally defined as 14% and
the nutrient of crop products served to humans is generally defined as 26%(Galloway and
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Cowling, 2002). Considering the lack of data, this report will apply 14% and 26% in equation
3 in calculating the NUE from soy and wheat to humans and it is 54%.
4

From N and P in soy and wheat residues to N and P in BSF and pigs

XUE from soy and wheat residues to BSF and pigs was calculated similar to equation 2, but
here the feed is soy and wheat residues instead of soy and wheat residues:
XUEanimal,i’ = (DWanimal,i * Xanimal,i) / (FCRfwanimal,i * Xfwanimal,i)
XUEanimal,i’
DW animal,i
Xanimal,i
FCRfwanimal,i
XfwBSF

Eq. 4

Nutrient use efficiency in animal,i where X stands for N and P;
Dry weight of tissue of animal,i (kg kg−1);
X (N or P) content in animal,i (kgN or P kg−1 DW animal);
Feed conversion ratio,being the amount of fresh weight food waste
used to produce 1 kg of live animal,i (kilogram fresh weight feed per
kilogram live (fresh) weight of animal,i);
X (N or P) content in soy and wheat residues food waste which is
used as a feed animal,i (kgN or P kg−1 dry weight feed).

With this equation, XUE can be derived from the FCR and the N contents in animals and the
diet of animals (feed). The NUE is defined as the amount of nitrogen of animals divided by
amount of nitrogen of feed for animals. This takes into account the dry weight of animals. We
consider the amount of nitrogen of animals as the nitrogen content in animal times the dry
weight of animals. To quantify the amount of nitrogen of feed, it is formulated as feed
conversion ratio multiplied by the nitrogen content in feed. PUE can be calculated in the same
way as NUE only replace N with P in equation.
This equation is suitable for calculating both NUE and PUE. In order to calculate XUE, we
need to know the dry weight of animal,i, the N and P content of animal,i in dry weight, the
feed conversion ratio in consuming residues and N and P content of soy and wheat residues in
dry weight for animal,i. Due to the lack of data, we apply FCRingeneral (see table A 2.6) as
FCRresidues for pigs.
5

From N and P in BSF to N and P in animals (pigs and chicken)

The XUE from BSF to animals was again calculated similar as Eq. 2, but here the feed is BSF
instead of soy and wheat, according to:
XUEanimal,i” = (DWanimal,i * Xanimal,i) / (FCRbsfanimal,i * Xbsfanimal,i)
XUEanimal,i”
DWanimal,i
Xanimal,i
FCRbsfanimal,i
Xbsfanimal,i

Eq. 5

Nutrient use efficiency in animal,i where X stands for N and P;
Dry weight of tissue of animal,i (kg kg−1);
X (N or P) content in animal,i (kgN or P kg−1 DW animal);
Feed conversion ratio, being the amount of fresh weight feed (BSF),
being used to produce 1 kg of live animal (kilogram) fresh weight of
BSF per kilogram live (fresh) weight of animal,i;
X (N or P) content in the BSF meal of animal i (kgN or P kg−1 dry
weight feed).

Eq. 5 is suitable for calculating XUE from BSF to animal and Xbsfanimal,i is the N or P content
in the BSF meal of animal i (kgN or P kg-1 dry weight feed). Due to the lack of specific
FCRbsfanimal,i (being the case of pigs), Appendix 1.1 gives another way of calculation in
accurate FCRbsfanimal,i for pigs (see Eq. A1.2).
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2.4

Data collection

To parameterize the model under Section 2.3, the following information had to be collected.
1. To assesses the country average crop N and P uptake efficiency at country level (UK,
France, Germany. Belgium and the Netherlands), data are needed on (see Eq.1):
The amount of N and P applied to land with soy and wheat

The amount of N and P taken up by soy and wheat

2. To calculate the NUE and PUE from soy and wheat to pigs and fish, we need to know
(see Eq.2)
Dry weight of pigs and chicken (g/g)

The FCR from wheat and soy to pigs and chicken (kg wheat or soy/kg live

weight pigs or chicken)
N and P content in pigs and chicken (%DW)


N and P content in wheat and soy (%DW)
In this way, we are able to calculate the XUE from wheat to pigs and chicken; XUE
from soy to pigs and chicken.
3. To calculate the NUE and PUE from soy, wheat, pigs and chicken to humans we have
to know the amount of N and P that humans need when they consume animal meat
and the amount of N and P that animals provide (See Eq.3). This requires data on:

Intake 2006 mean of pigs and chicken (g/(person*day))

Population in each country (million)
Animal production, import and export (tons/yr)


N and P content in pigs and chicken (% DW)
4. To assess the NUE and PUE from soy and wheat residues to BSF we have to know
(see Eq.4)
Dry weight of BSF larvae and pigs(g/g)


The FCR from residues to BSF larvae and pigs (kg residues/kg live weight BSF
larvae or pigs)

N and P content in BSF larvae and pigs (%DW)

N and P content in soy and wheat residues (%DW)
5. To assess the NUE and PUE from BSF larvae to pigs and chicken, we need to know
(See Eq.5).

Dry weight of pigs and chicken (g/g)

The FCR from BSF larvae to animals (kg BSF/kg live weight pigs or chicken)
N and P content in pigs and chicken (%DW)

N and P content in BSF larvae (%DW)

A literature review was conducted to find the data. Results are given in Appendix 2. See table
A2.1-A2.10

2.5

Scenarios and the calculation of their impacts

Scenarios are developed in this research and based on N and P requirement from human (see
Appendix 3). They can assess, under the consumption of soy and wheat residues either
directly by pigs or by BSFs, the required amount of N and P fertilizer ultimately.
1. No BSF consumption and no soy and wheat residues consumption
Scenario 1 describes no nutrients (N and P) recycle in food chain. All nutrients flow to soy
and wheat. Then nutrients in soy and wheat are taken up by animals and humans. The
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nutrients in animals are taken up by humans. In this scenario, we want to understand the
amount of soy and wheat on the required amount of N and P fertilizer.
2. Maximum possible soy and wheat residues consumption by pigs
We assume in scenario 2 that pigs consume all the soy and wheat residues to assess the
impacts of this way of recycling of nutrients in the food chain. As pigs consume all the
residues, there will be less soy and wheat consumed by pigs, so that there will be less N or P
fertilizer required. In this scenario, I evaluate the reduction in the consumed amount of soy
and wheat and thereby on the required amount of N and P fertilizer.
3. Maximum possible BSF consumption by pigs
We assume in scenario 3 that pigs consume all BSF larvae that can be produced on the basis
of available soy and wheat residues to feed the BSF. The aim of scenario 3 is to quantify the
difference of feeding pigs with soy and wheat residues as compared to BSF larvae on the
required amount of soy and wheat and thereby on the required amount of N and P fertilizer.
4 Maximum possible BSF consumption by chicken or fish (based on available soy and
wheat residues)
We assume in scenario 4 that chicken and fish consume all BSF larvae that can be produced
on the basis of available soy and wheat residues to feed the BSF. The difference with scenario
3 is that, unlike pigs, chicken and fish only consume soy and wheat and not their residues. In
this scenario, we quantify the reduction in the required amount of soy and wheat, and thereby
on the required amount of N and P fertilizer, when feeding chicken or fish with BSF larvae.
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3

Results

3.1

Calculated N and P use efficiencies at country level

3.1.1 From fertilizer to soy and wheat
The current situation on the NUE from N inputs to soy and wheat is illustrated in figure 3.1.
The calculated NUEs are presented in Appendix 4. Wheat is produced in all five countries but
only in France soy is produced. Figure 3.1 is based on Table A4.1. Figure 3.1 indicates soy is
cropped in France. The NUE from N fertilizer to wheat is higher than to soy in five countries.

Figure 3.1. The calculated NUE from N inputs to soil to N taken up by soy and wheat at
country level (total stands for all five countries, i.e. UK, FR, DE, BE and NL together).
PUE from soil to soy and wheat are high in general. The PUE of wheat is 105% in five study
countries and the PUE of soy is 116% in France (Figure 3.2). Both France and Germany have
PUE of wheat over 100% and UK, Belgium and the Netherlands have the values of PUE
among 70% to 90% (Table A4.1). P behaves differently from N. It can accumulate in soil.
Soy and wheat could take up P from soil which was accumulated from years before.

Figure 3.2. The calculated PUE from P inputs to soil to P taken up by soy and wheat at country
level

3.1.2 From feed (soy, wheat and black soldier fly) to animals (pigs, chicken and fish)
We analyse the NUE from feed to animals to understand the nitrogen intake behaviour of pigs
and chicken. Figure 3.3 is based on table A2.6, A2.7 and A2.8. The specific data for figure
16

3.3 is indicated in table A4.2, A4.3 and A4.4. Firstly, we can see the NUE from BSF larvae to
animals is higher than from soy and wheat. The NUE of pigs is almost 60% and the NUE of
chicken is about 70%. The NUE from BSF to fish is pretty as well. Secondly, the last two
columns indicate the NUE from soy and wheat residues to BSF is higher than to pigs.

Figure 3.3. The calculated NUE from feed (wheat, soy or BSFs) to animals (pigs and chicken)
and from wheat and soy residues to pigs and BSFs
Below the Bar chart shows the PUE from all kinds of feed to animals (pigs and chicken) and
BSFs. All the data in figure 3.4 are listed in Appendix 4. From figure 3.4, we can see that it is
indicated that the PUE from soy and wheat residues to BSF is higher than to pigs. And there
are a wide range of PUE when animals consume soy.

Figure 3.4. The calculated PUE from feed (wheat, soy or black soldier fly) to animals (pigs
and chicken) and from wheat and soy residues to pigs and black soldier fly
3.1.3 From food to humans
The NUE from food to humans is the last step to calculate the NUE in the model. Figure 3.5
shows us the NUE of humans doing pigs and chicken consumption and all the exact data are
listed in table A4.5. UK, France and the Netherlands have better NUE when human take up N
from pigs than chicken. This is because Nintake divided by Nmarket are high.
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Figure 3.5. The calculated NUE from animal food (pigs and chicken) to humans at country
level
The PUE of humans in consuming pigs and fish in 5 study countries are shown in figure 3.6.
Humans are easier taking up phosphorus from pigs than chicken. When humans consume pigs,
the PUE range from 88% in UK to 42% in the Netherlands. When humans consume chicken,
Belgium has the highest value of 74% and UK has the smallest value of 29%. Specific data
are listed in table A4.5.

Figure 3.6. The calculated PUE from animal food (pigs, chicken and fish) to humans at
country level

3.2 Amounts of N and P in soy, wheat, BSF larvae and soy
and wheat residues to meet the required amount of N and P
in pigs, chicken and fish
This section presents the required amounts of N and P that are needed in soy, wheat, BSF
larvae and soy and wheat residues to meet the amount of N and P in pigs (Section 3.2.1),
chicken (Section 3.2.2) and fish (Section 3.2.3). The required amount of N and P in feed for
animals (pigs, chicken and fish) is the amount of N and P that is needed when humans in a
country only consume pigs, chicken or fish to meet humans’ N requirement. This is done to
evaluate the difference in needed N and P in BSF larvae compared to other N sources and
gain insight in the potential of BSF to increase the food chain NUE (Section 3.3.).

18

3.2.1 Pigs
Here I present the required amount of N and P in wheat, soy, BSF and residues for feeding
pigs under the current consumption of pigs by humans in in the considered five EU countries
(see Table A3.1). Figure 3.7 and Figure 3.8 describe the amount of N and P in feeds for pigs
on the required amount of N or P for humans. For example, in figure 3.7 in UK 177577 tons
N in wheat/yr (Table A5.1) is provided to feed pigs, then people in UK gain enough amount
of nitrogen when they only consume pork. This is calculated by Xintake,animal i divided by XUE.
This suggest that the calculated that the N and P accounts are needed when humans in a
country only consume pigs to meet their N and P requirements.
Even though with different amount of consumption on wheat, soy, BSF and residues Figure
3.7 shows the same trend of feed consumption by pigs. In 5 study countries, the required N in
feed to meet the requirement for pigs is lowest when pigs consume BSF larvae meal.

Figure 3.7. The required amount of N in feed (wheat, soy, BSF and soy and wheat residues) to
feed all pigs in the considered five EU countries
Figure 3.8 gives the required amount of P wheat, soy, BSF and residues to feed pigs. So that,
there is enough P to be provided for humans when they consume pork. Figure 3.8 indicates
the same trend in consuming different feeds by pigs in 5 study areas. Much more BSF and
residues are required than wheat and soy to provide enough P for pigs. In fact, the required
amount of BSF and soy meals are about twice of wheat meal and about four times of soy meal
(see Table A5.1). This is because pigs have poor PUE in obtaining P from BSFs.

Figure 3.8. The required amount of P in feed (wheat, soy, BSF and soy and wheat residues) to
feed all pigs in the considered five EU countries
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3.2.2 Chicken
Considering the current consumption of chicken by humans (see table A3.1), figure 3.9
illustrates the required amount of wheat, soy and BSF for feeding chicken in order to provide
enough N for chicken. This suggest that it is calculated that the N and P accounts that are
needed when humans in a country only consume chicken to meet their N and P requirements.
In figure 3.9, we can see a same trend with consumption of feeds by chicken in 5 study areas.
The consumption of wheat meal by chicken is about 6 times more than soy meal and around
10 times more than BSF meal (see table A5.2).

Figure 3.9. The required amount of N in feed (wheat, soy, BSF and soy and wheat residues) to
feed all chicken in the considered five EU countries
To provide enough phosphorus to chicken, the required amount of wheat, soy and BSF meal
are demonstrated in figure 3.10. All 5 study countries consume wheat the most. The
consumption of wheat by chicken is about 5 times more than the consumption of soy and
about 8 times more than the consumption of BSF (see table A5.2).

Figure 3.10. The required amount of P in feed (wheat, soy, BSF and soy and wheat residues)
to feed all chicken in the considered five EU countries

3.3 Impacts of various dietary scenarios on the required
amounts of nitrogen and phosphorus fertilizer
I developed four scenarios to analyse the consume of N and P sources in food chain under
different conditions. N and P sources include fertilizer, manure, mineralization, biological
nitrogen fixation, deposition and compost. As we assume that the change of manure is little, I
analyse the N and P fertilizer consumption in the scenarios. When analyse the four scenarios,
I leave out soy as a feed for animals, because only France crops soy in the five EU countries.
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3.3.1 No BSF consumption and no soy and wheat residues consumption
Scenario 1 intents to understand the amount of soy and wheat on the required amount of N
and P sources when there is no BSF consumption and no soy and wheat residues consumption
in food chain. Figure 3.13 describes when humans consume pigs and chicken as nutrient
sources, then wheat is required to provide animals with sufficient nutrients. Ultimately, the N
and P sources is required to fertilize wheat. Figure 3.13 shows the concept model of scenario
1. Each arrow points to the compartment which is consumed by the former one. Equation
A6.1 is applied to calculate the results from scenario.

Figure 3.13. Scenario 1
Equation A6.1 gives the idea on how to calculate the required amount of N and P fertilizer.
Figure 3.14 shows the overall required amount of N fertilizer when animals consume wheat
and the exact data are listed in table A7.1. Figure 3.15 shows the required amount of N
fertilizer in kg*yr-1*person-1. In scenario 1, the required N fertilizer when chicken consume
wheat is about 8 times more than pigs do (see table A7.5).

Figure 3.14. The required amount of N fertilizer in scenario 1
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Figure 3.15. The required amount of N fertilizer in scenario 1 in capita
Figure 3.16 shows the overall required amount of P fertilizer when animals consume wheat
and the exact data are given in table A7.1. Figure 3.17 is in kg*yr-1*person-1 for collecting the
required amount of P fertilizer in scenario 1. Equation A6.1 provides methods in calculating
the consumption of P fertilizer for figure 3.16 and it is divided by the population to calculate
in capita. Overall, t chicken need more P fertilizer than pigs do which are 24 and 3 kg*yr1
*person-1 respectively (see table A7.5).

Figure 3.16. The required amount of P fertilizer in scenario 1

Figure 3.17. The required amount of P fertilizer in scenario 1 in capita
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3.3.2 Maximum possible soy and wheat residues consumption by pigs
In scenario 2, we analyse the impact on N and P fertilizer by feeding pigs with maximum
possible soy and wheat residues. The ways of feeding pigs are either with wheat or soy and
wheat residues. Firstly, the maximum possible soy and wheat residues is consumed by pigs,
then wheat is consumed by pigs. The reduced N and P fertilizer for wheat is illustrated in
figure 3.19 and figure 3.20. In figure 3.18, it shows the idea that when humans consume pigs,
with feeding pigs the maximum possible residues, the consumption of wheat by pigs so that
on the required amount of N and P fertilizer. Each arrow points to the compartment which is
consumed by the former one. Equation A6.2 is applied to calculating the results in scenario 2.

Figure 3.18. Scenario 2
Figure 3.19 is the overall reduced amount of N fertilizer in scenario 2 which indicates the big
potential in decreasing N fertilizer. The reduced amount of N fertilizer for wheat in scenario 2
is 157 ktons/yr in UK (see table A7.2). Compared to required N fertilizer for wheat by pigs in
scenario 1 in UK which is 265 ktons/yr (see table A7.1), half of the N fertilizer could be
reduced in UK. In scenario 2, with recycling residues, the reduction of N fertilizer for wheat
is 93% in France, 80% in Germany, 41% in Belgium and 18% in the Netherlands (see table
A7.1 and table A7.2). We calculate the reduce rate as the reduced amount of fertilizer in
scenario 2 divided by the required amount of fertilizer in scenario 1.

Figure 3.19. The required amount of N fertilizer in scenario 2
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The reduced amount of P fertilizer is illustrated below in figure 3.20. As compared to scenario
1, the decreased amount of P fertilizer for wheat is 115 ktons/yr in UK, 155 ktons/yr in France,
153 ktons/yr in Germany, 15 ktons/yr in Belgium and 11 ktons/yr in the Netherlands. If pigs
were fed on soy, 63 ktons/yr P fertilizer that is used for soy could be reduced (see table A7.2).
There is big potential in reducing P fertilizer by feeding pigs with residues.

Figure 3.20. The required amount of P fertilizer in scenario 2
3.3.3 Maximum possible BSF consumption by pigs
In scenario 3, the BSF is fed on soy and wheat residues. Pigs are provided with insect nutrient.
In this scenario, by reusing soy and wheat residues for reproducing BSF and recycling N and
P for animal use, the consumption of wheat by pigs could be reduced so that the consumption
of fertilizer. Figure 3.21 describes this concept. Each arrow points to the compartment which
is consumed by the former one. Equation A6.4 is applied in calculating the results for
scenario 3.

Figure 3.21. Scenario 3
The overall reduced amount of N fertilizer in scenario 3 is shown in figure 3.22 and this
indicates the big potential in recycling residues in UK, France and Germany. As compared to
scenario 1, the reduce of N fertilizer for wheat is 57% in UK, 89% in France, 79% in
Germany, 40% in Belgium and 17% in the Netherlands. As compared to scenario 2, there is
little difference in the reduced amount of N fertilizer for wheat.
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Figure 3.22. The required amount of N fertilizer in scenario 3
The overall reduction of P fertilizer in scenario 3 is shown in figure 3.26. For wheat, the
reduction of P fertilizer is 111 ktons/yr in UK, 221 ktons/yr in France, 148 ktons/yr in
Germany, 15 ktons/yr in Belgium and 11 ktons/yr in the Netherlands. Compared with P
fertilizer consumption in scenario1, the reduction of P fertilizer is 57% in UK, 76% in
Germany, 40% in Belgium and 17% in the Netherlands. Specifically, if pigs are fed with
maximum possible BSF, there will be extra 54902 tons/yr P fertilizer in France (see table
A7.1 and A7.3).

Figure 3.23. The required amount of P fertilizer in scenario 3
3.3.4 Maximum possible BSF consumption by chicken
The scenario 4 describes when feed chicken with maximum BSF, the reduction of N fertilizer
and P fertilizer. There are two ways of feeding chicken. Firstly, we provide chicken with
maximum possible BSF. Then, if there is extra nutrient requirement for chicken, we provide
wheat as a nutrient source. So that there is N or P fertilizer consumption. Figure 3.24 shows
the concept model of scenario 4. Each arrow points to the compartment which is consumed by
the former one. Equation A6.8 is applied in calculating the results for scenario 4.
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Figure 3.24. Scenario 4
The overall reduction of N fertilizer in scenario 4 is shown in figure 3.25. Table A7.4
provides the data for figure 3.25. The reduction of N fertilizer as compared to Scenario 1
when chicken consume wheat is 19% in UK, 47% in France, 26% in Germany, 12% in
Belgium and 4% in the Netherlands. As it shows, the reduction of N fertilizer is promising
(see table A7.4).

Figure 3.25. The required amount of N fertilizer in scenario 4
The reduction of P fertilizer is shown in figure 3.26. The reduced amount of P fertilizer for
wheat is much more significant in UK, France and Germany. Especially in France, the
reduction of P fertilizer for wheat is 640 ktons/yr (see table A7.4) when humans consume
chicken.
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Figure 3.26. The required amount of P fertilizer in scenario 4

4

Discussion

4.1

Uncertainty in results

4.1.1

PUE from inputs to soy and wheat in France and Germany

Phosphorus-use efficiency possibly are over 100% but the PUE from inputs to soy in France
is 116% and from inputs to wheat in France and Germany are 109% and 115% respectively
(see table A4.1). There is more P taken up by soy and wheat than input into soil. This is
because P accumulates in soil (Whalen and Chang, 2001). Soy and wheat takes up P from the
accumulated P.
4.1.4

The required amount of P in feed (wheat, soy, BSF and soy and wheat residues)

to feed all pigs in the five study countries
The required amount of P in wheat, soy, BSF and soy and wheat residues to feed all pigs in 5
considered EU countries are depicted in figure 3.8. The consumption of BSF and residues by
pigs are much higher than soy. The consumption of soy by pigs is the lowest. A high PUE
from feed to pigs (see figure 3.4) results in low consumption of feed. Figure 3.4 has shown
from soy to pigs, PUE is much higher than from BSF and residues to pigs. So, the required
amount of P in soy to feed all pigs is the lowest.
4.1.5

The NUE and PUE from soy and wheat to humans as compared to from animals

(pigs and chicken) to humans
My interesting research shows that humans obtain nutrient easier from animals than from
crops. According to Galloway 2002, the nutrient use efficiency of consuming crops by
humans is about 30% (see Section 2.3). According Section 3.1.3, the NUE and PUE from
animals to humans are all above 30% (see Table A4.5). The NUE and PUE from animals to
humans are calculated in equation 3 and they apply Xintake and Xmarket as two variables. Eq.
A1.3 and Eq. A1.4 give Xintake and Xmarket respectively. The methodology implies that humans
only gain nutrient from one animal and this exaggerates the value of Xintake. With high value of
Xintake, the XUE from animal to humans is bigger than the reality. While Galloway conducted
experiment to obtain the XUE from crop to humans (Galloway and Cowling, 2002). The NUE
and PUE from animals to humans are calculated differently from the NUE and PUE from
crops to humans, but the results are still comparable.
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4.2
4.2.1

Limitations
The NUE and PUE from soy and wheat to humans

In the various humans’ diets, we consider humans consume pigs, chicken, soy and wheat in
the model. The intake of pigs and chicken by humans are calculated by applying “intake 2006
mean” (see Table A2.10), as indicated in equation 3. However, the intake 2006 mean of soy
and wheat are not provided by Meier (2014). The NUE and PUE from soy and wheat to
humans are not calculated from the model. Due to the lack of data, we apply 14% (the
percentage of nutrient of crops taken up by humans) from figure 1.1 and 26% (the percentage
of nutrient of crops provided to humans) in equation 3. So, we could have the NUE and PUE
value from soy and wheat to humans is 54%.
4.2.2

The required amount of N and P fertilizer in scenario 2, 3 and 4

In the model, readers are provided with the required amount of N and P fertilizer (ktons/yr) in
scenario 2, 3 and 4. Explaining these with scenario 1 by applying ktons/yr is not the best way.
But, it will still show the big potential of recycling soy and wheat residues for direct
consumption by pigs or to feed BSF to be consumed by animals (pigs and chicken), the model
shows the required amount of N and P fertilizer (tons/yr) in scenario 2, 3 and 4.
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5

Conclusion

This chapter summarizes the answers to RQs. The different methodology in each section will
focus on one question at a time. If more information about the result is needed, each chapter
must be consulted independently.

5.1

Nutrient use efficiency

In order to answer RQ1, approaches in Section 2.3 are applied to calculate the NUE and PUE.
Wheat better obtains nitrogen and phosphorus from soil than soy does. However, results from
Eq. 2 show animals have better abilities in taking up nitrogen from soy than wheat.
Most importantly, the NUE is higher from BSF larvae meal to animals than from soy and
wheat to animals. And the NUE and PUE from soy and wheat residues to BSF is higher than
to pigs.
Besides, the results suggest high values in NUE and PUE from animals (pig, chicken and fish)
to humans.

5.2

Required amount of N and P in feed for animals

Section 5.3 answers RQ2. To understand the impacts of replacing soy and wheat with soy and
wheat residues and BSF larvae meal to the required amounts of N and P for animals, the
amount of N and P in soy, wheat, BSF larvae and soy and wheat residues to meet the required
amount of N and P in animals were calculated at a country level. The results suggest that
firstly, BSF larvae meal is the best option for providing nitrogen for animals and it is strongly
recommended as a N source for animals. There are three reasons. Firstly, BSF consume
residues. It brings back the loss of N to food chain so that reduces the loss of N. Secondly,
pigs obtain N from BSF the easiest compared to wheat, soy and residues. The least amount of
BSF can provide enough N for pigs.
Secondly, BSF is the best P source for chicken as compared to soy and wheat. Considering
the required amount of P in feed (wheat, soy, BSF and soy and wheat residues) to feed all
pigs and chicken in five EU countries, soy could be a good P source for pigs. However,
because BSF is a sustainable source of P provider for pigs, BSF is still suggested as a P
source for pigs.
Overall, given in the facts that BSF reduce the loss of nutrient and it is relatively easy for
animals to gain nutrients from BSF, BSF is highly recommended as feed for pigs and chicken.

5.3

Required amount of N and P fertilizer in 4 scenarios

Section 5.3 answers RQ3. The scenario 1 is business as usual. Under the current consumption,
the results suggest that the consumption of pigs by humans is the most nutrient efficient and
the consumption of chicken by humans is the least nutrient efficient in the food chain when
animals consume wheat.
The results from scenario 2, in which soy and wheat residues are consumed by pigs only,
suggest there is big potential of recycling nutrients by providing pigs with soy and wheat
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residues. UK, France and Germany have much more population and more residues than
Belgium and the Netherlands so the reduced amount of N and P fertilizer is much more
obvious in UK, France and Germany.
In scenario 3, in which pigs consume BSF larvae that are produced on the basis of available
soy and wheat residues to feed the BSF, the reduced amount of N and P fertilizer is slightly
lower than in scenario 2. This result suggests that direct consumption of soy and wheat
residues to pigs is a more promising approach to reduce N and P fertilizer use than indirect
consumption, by first feeding soy and wheat residues to BSF which are then consumed by
pigs.
There is much more fertilizer consumption when feeding chicken and fish with wheat. This
was indicated by answering question 2. However, when BSF replaces wheat or soy as a
nutrient source for animals, the chicken diet reduces most residues. In scenario 4 when BSF
replaces wheat or soy as feed for chicken, the results also indicate that more fertilizer is used
compared to pigs consuming soy and wheat residues in scenario 2.

5.4

conclusion

In conclusion, when humans gain nutrients only from pigs and pigs consume the maximum
possible residues and wheat, there is least nutrient fertilizer required in the food chain. When
humans obtain nutrient from chicken and chicken consume the maximum possible BSF and
wheat, this helps to reduce a large amount of nutrient loss. Moreover, if humans directly
consume wheat and soy, the nutrient loss reduces as compared to human consume animal
products which are feed on wheat and soy. BSF is highly recommended as a kind of
sustainable nutrient source for feeding pigs, chicken and fish.
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Appendix 1 Detailed approaches to calculate the NUE and
PUE for the food chain
Appendix 1.1 Alternative model to calculate N and P from soy and
BSF to pigs
In cases where no data were directly available for FCRsoyaniml,i and FCRbsfanimal,i (being the
case for pigs) the value was calculated from data on X (Nor P) intake and X excretion. XUE
from soy to pigs was then calculated as (Newton et al., 1977):
XUE = (Xintake – X (fecal + urinary) excretion) / Xintake
Xintake

eq. A1.1

It is the nutrient intake in feed (soy or BSF larvae meal) by pig, g N
or g P;

Fecal

It is the nutrient excretion in fecal from soy or BSF larvae meal pigs,
g;

Urinary

It is the nutrient content in fecal and this part of nutrient goes into
environment as a nutrient loss in calculate XUE from soy and wheat
to pigs, g.

Combining eq. 1 in the main text with eq. A1.1 allows to calculate FCR according to:
FCRanimal,i = (DW animal,i x Xanimal,i) x Xintake/ ((Xintake-Xexcretion) x Xbsfanimal,i)

eq. A1.2

Appendix 1.2 Approach to calculate N and P intake and N and P on
market by soy, wheat and animals
Calculation of Xintake,animal i, it equals to the amount of nutrient taken up by all person in a
country.
Xintake,animal i= (animalintake 2006 mean * Xanimal,i) * 365 * Population
Xintake, animal i
Animalintake 2006 mean

eq. A1.3

The annual amount of nutrient X (N or P) that the humans
population in a country takes up from animal,i (pigs/pork, poultry or
fish) (tons N or P/yr);
The amount of meat from different animals (pigs/pork, poultry and
fish) that a human takes up each day (g/(person*day)), (only when
the average diet is with 2121 kcal/(person*day));

Xanimal,i

X (N or P) content in animal,i (%DM);

Population

The number of people in a country.

Calculating Xmarket,animal,i is that the nutrient amount of local nutrient production plus the
nutrient amount of imported animals, and then mins the nutrient amount of exported animals.
Xmarket,animal,i = Xlocal,animal i + Ximport,animal i – Xexport,animal i
Xmarket,animal,i

eq. A1.4

The annual amount of nutrient X (N or P) that serves on market for
humans to take up from animals (pig, chicken and fish) (tons N or
35

P/yr);
Xlocal,animal i

The amount of nutrient contains in animal,i and the animal,i products
are from local farms, (tons/yr);

Ximport,animal i

The amount of nutrient contains in animal,i and the animal,i products
are imported from other regions, (tons/yr);

Xexport,animal,i

the amount of nutrient contains in animal,i and this portion of
animal,i products are going to be exported to other regions, (tons/yr).
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Appendix 2 Data collection
Appendix 2.1 Data to assess N and P flows 5 study countries
-

N fertilizer inputs, outputs and surplus for wheat and soy

Table A2.1 show a list of nitrogen inputs into soy and wheat in 5 study countries (the United
Kingdom, France, Germany, Belgium and the Netherlands). The nitrogen inputs are consisted
of fertilizer, manure, mineralization, biological nitrogen fixation and compost. These six
either artificial or natural activities contribute to total nitrogen inputs to soy or wheat. As we
can see, within the 5 study countries, they all crop wheat but only France crop soy. So that we
get nitrogen inputs to wheat in 5 countries and nitrogen inputs to soy in France. Moreover,
table A2.1 shows output of nitrogen in 5 study countries. Outputs are removal of nutrients
with harvest soy and wheat, removal of nutrients through the harvest and grazing of fodder
and crop residues removed from field. Table A2.2 has the same structure as table A2.1 has of
phosphorus inputs into soy and wheat in 5 study countries.
Table A2.1 Total nitrogen inputs, uptake and surplus of soy and wheat in Belgium, Germany,
France, the Netherlands and the United Kingdom (tons N/yr) (Eurostat, 2016)
Nutrients
Countries
Items

UK
Wheat

fertilizer
manure
mineralization
BNF
deposition
compost
Total

261877
49246
52272
10346
22121
12255
408117

uptake
Surplus

272304
135813

N
FR
DE
Soy
Wheat Wheat
Inputs
0
599701 552437
0
158627 144565
420
53538
85446
17827 26446
17452
379
60902
56782
0
11557
11418
18626 910771 868100
Outputs
7262 630224 484536
11364 280547 383564

BE
NL
Wheat Wheat
43266
19443
813
1166
3733
200
68621

37558
18733
2428
878
2859
978
63434

38008
30613

29819
33615

Table A2.2 Total phosphorus inputs, uptake and surplus of soy and wheat in Belgium,
Germany, France, the Netherlands and the United Kingdom (tons P/yr) (Eurostat, 2016)
Nutrients
Countries
Items

UK
Wheat

fertilizer
manure
deposition
compost
Total

25142
10661
1035
9313
46151

uptake
Surplus

42614
3537

P
FR
DE
BE
NL
Soy Wheat Wheat Wheat Wheat
Inputs
1023 51599 31006 3239
1610
0
29987 25318 3627
4219
23
2645
1745
117
88
0
6639
8079
255
453
1046 90870 66148 7238
6370
Outputs
1210 98627 75827 5948
4667
-164 -7757 -9679 1290
1703
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-

N and P in crop residues

Table A2.3 shows the N and P amounts in soy and wheat residues in the United Kingdom,
France, Germany, Belgium and the Netherlands.
Table A2.3 N and P amounts in soy and wheat residues in 5 study countries (FAO, 2017)

-

N in residues (tons/yr)

P in residues (tons/yr)

UK

86614

6477

FR

204411

15288

DE

144771

10827

BE

10360

775

NL

6780

507

Population numbers to assess humans’ intake

Population in each country determines the quantities of nutrients that humans take in that
country. Table A2.4 give the population in 5 study countries for 2016 and this will be used in
calculating NUE and PUE from animal, insects and soy, wheat to humans.
Table A2.4 Population (number) in Belgium, Germany, France, the Netherlands and the
United Kingdom, last update on 02.10.2017 (FAO, 2017)
UK

65,808,573

FR

67,024,633

DE

82,437,641

BE

11,365,834

NL

17,220,721

To calculate the NUE and PUE from animal products to humans, we need the data from
Meier et al., 2013 which gives us nutrients intake 2006 mean g/(person*day) in pigs, chicken
and fish. The N and P content in animals are listed below in table A2.6 and table A2.8 as well.
The amount of nitrogen or phosphorus taken up by one humans each year is a result out of
nutrient intake 2006 mean multiplies nutrient content in animal and then multiplies 356 days
per year.

-

Production, import and export of pigs and chicken in the study countries

The consumption of animal products in a country is determined by the production in that
country plus the import minus the export. Data on the production, import and export of pigs
and chicken in the study countries are given in Table A2.5.
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Table A2.5 Productions, import and export of pigs, chicken and fish in in the 5 investigated
countries (FAO, 2017)
UK

FR

DE

BE

NL

833000

2130600

5506772

1130572

1306950

1047276

611393

1186776

173721

269118

Pigs

Production
(tons/yr)
Import (tons/yr)

245511

617261

2407126

875125

960531

1662150

1702384

1456679

389288

997829

Chicken

Export (tons/yr)
Production
(tons/yr)
Import (tons/yr)

811889

422997

788275

251923

572150

Export (tons/yr)

383453

579399

676184

498241

1138189

A 2.2 Parameters to assess the NUE and PUE from crops, crop
residues and insects to animals
Pigs can consume residues. Table A2.6 represents character of pigs for calculating the NUE
and PUE from wheat and residues to pigs. We use FCRingeneral as feed conversion ratio for
consuming residues. FCRingerneral is from Sheopn, 2016 where he revealed pigs have
different feed conversion ratio in different age. 3.1(kg/kg live weight) is a mean for the whole
period of a pig and it also contains possibilities on pigs consuming residues. So, we chose to
apply this value also for FCRresidues but without listing FCRresidues.
Dried BSF larvae meals have similar chemical composition as soy meals in an overall
analysis as a proper meal for animals (pigs, chicken and fish) (Bondari and Sheppard, 1981;
Marco et al., 2015; Newton, 1977). In experiments, BSF larvae meal is analysed in dry matter,
organic matter, crude protein, ether extract, gross energy, apparent metabolize energy and so
on as compared to soy meal. Replacing soy meal with BSF larvae meal to feed pigs, chicken
and fish has shown its possibility (Ramos-Elorduy et al., 2002, Veldkamp et al., 2012,
Makkar et al, 2014).
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Table A2.6 Parameters to assess the NUE and PUE from wheat, soy and wheat residues to
pigs
Pigs
DW (kg/kg)

0.561

FCRwheat (kg/kg live weight)

2.462

FCRingeneral (kg/kg live weight)

3.13

FCRsoy (kg/kg live weight)

0.74

FCRbsf (kg/kg live weight)

0.294

N content (%)

25

P content (%)

0.25

N content in soy meal (%)

3.36

P content in soy meal (%)

0.57

N content in BSF larvae meal (%)

98

P content in BSF larvae meal (%)

0.98

N content in wheat meal (%)

39

P content in wheat meal (%)

0.310

N content in residues (%)

1.98

P content in residues (%)

0.58

1. Lange et al., 2003; 2. Kyriazakia, 1995; 3. Shepon, 2016; 4. Calculated results from
equation A1.2 and table A2.7; 5. USDA, 2018; 6. Newton, 1997 7. van Heugten, 2003; 8.
Protix ;9. Debaeke et al., 1996; 10. Jondreville, 2006.
Soy meal is one of most consumed ingredients for pigs and one of the most protein rich plant.
Comparing to soy meal for pigs, BSF larvae meal contains similar amount of nitrogen
(Newton et al., 1977). We can see from table A2.7, the NUE by consuming soy meal and
larvae meal are both around a half. With the comparison between soy meal and BSF larvae
meal, the latter one has slightly less phosphorus content in meal. However, it is obvious that
phosphorus loss through fecal is much higher than through urinary and loss of phosphorus
through larvae meal is higher than through soy meal.
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Table A2.7 Parameters to assess the NUE and PUE of soy meal and BSF larvae meal to pigs
(Newton et al., 1977)
Soy meal

Larvae meal

Nitrogen
Intake, g

17.20

16.70

Faecal, g

3.80

3.80

Urinary, g

4.10

4.80

NUE, %

54

49
Phosphorus

Intake, g

5.47

4.24

Faecal, g

2.67

3.20

Urinary, g

0.13

0.06

PUE, %

51
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Nutrients from soy and wheat go to chicken as well. Table A2.8 demonstrates 3 types of
meals for chicken. The first two meals are soy meal and wheat meal which are classical
ingredients for feeding chicken. Besides, the BSF larvae meal provides protein and
phosphorus. When reading table A2.8, it is possible to see that FCRwheat and FCRsoy for
fish share the same value. 1.6 kg/kg live weight is an average value of feed conversion ratio
for aquatic weighted average (Tacon and Metian, 2008). Moreover, due to the lack of data,
nutrient content in soy meal and wheat meal are the same for both chicken.
Table A2.8 Parameters to assess the NUE and PUE from wheat, soy and BSF to chicken
Chicken
DW (g/g)
0.361
FCRwheat (kg/kg live weight)
1.92
FCRsoy (kg/kg live weight)
4.13
FCRbsf (kg/kg live weight)
2.14
N content (%)
165
P content (%)
0.296
N content in soy meal (%)
3.41
P content in soy meal (%)
0.31
N content in wheat meal (%)
42
P content in wheat meal (%)
0.37
N content in BSF larvae meal (%)
48
P content in BSF larvae meal (%)
0.49
1. Latshaw and Bishop, 2001; 2. Shepon 2016; 3. Bovera, 2015; 4. Teoand Miller, 1974; 5.
Breese 1931; 6. Diet and Fitness Today, 2018; 7. Jondreville, 2006; 8. Calvert, 1969; 9. Protix
With table A2.9, we could calculate the nutrients use efficiency of BSF when it consumes
residues. All the characters are from laboratory results from Protix. There is a wide range of
dry matter of black soldier which are 425 (mg/g) (Protix, 2018), 77.5% (Newton et al., 1977)
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and 91.3% (feedipedia, 2018). Since the data from Protix have updated, we chose to use the
value from Protix. Literatures shows BSF contains 37.5% in protein (St-Hilaire, 2007).
According to Protix, the N content in protein is 16%. So, we calculated the N content in BSF
larvae meal is 8.7%.
Table A2.9 Parameters to assess the NUE and PUE from (soy and wheat) residues to BSF
(protix, 2018)
BSF
DW (mg/mg)

0.4

FCRresidues (kg/kg live weight)

5.6

N content (% DM)

9

P content (% DM)

0.9

N content in residues (% DM)

1.9

P content in residues (% DM)

0.5

According to Meier, one people takes up 60 grams pork, 26 grams chicken or 26 grams fish
per day, which are indicated in table A2.10 as intake 2006 mean (g/(person*day)). We listed
N content and P content in the first two columns for animals. So that we calculated that
annual amount of N or P one person taking up from each animal equalled intake 2006 mean
(g/(person*day)) time 365days and then times N or P content in animal (% DM). In the 4th
and 5th column we listed annual amount of N or P one person consuming from each animal.
Table A2.10 Nutrient taken up by humans
N animal
P animal
Intake 2006 mean3
(% DM)
(% DM)
g/(person*day)

Nitrogen
g/(person*yr)

Phosphorus
g/(person*yr)

Pork
21
0.21
60
487
34
2
4
Poultry
16
0.2
26
1594
21
1.USDA, 2018; 2. Breese, 1931; 3. Meier et al., 2014; 4. Diet and Fitness Today, 2018
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Appendix 3 Calculated intake and market available N and P
in animals
Table A3.1 and A3.2 list Xintake,animal i and Xmarket,animal i which were applied to equation 3 to
calculated XUE from animals to humans. However, to calculate Xintake,animal i and Xmarket,animal i
needs to adapt table A2.4, A2.5 and A2.11.
Based on equation A1.3, table A2.4, A2.5 and A2.11, the annual amount of N or P taken up
by humans from pigs and chicken are listed in table A3.1, which is also indicated as
Xintake,animali.
Table A3.1 The calculated amount of nitrogen and phosphorus taken up by humans from pigs
and chicken in 2016 in 5 study countries
UK
Pig
Chicken

32053
104920

UK
Pig
Chicken

2234
1405

N taken up by humans (tons/yr)
FR
DE
32645
106859

40152
131432

P taken up by humans (tons/yr)
FR
DE
2275
1431

2799
1760

BE

NL

5536
18121

8388
27455

BE

NL

386
243

585
585

Based on equation A1.4, table A2.5 and A2.11, the annual amount of N or P served in market
are listed on table A3.2, which is also indicated as Xmarket,animal i.
Table A3.2 The amount animal products and the amount of nitrogen and phosphorus in
animal products serving for humans

Pig
Chicken

Animal served in the market (tons/yr)
UK
FR
DE
BE
1634765
2124732
4286422
429168
2090586
1545982
1568770
142970

NL
615537
431790

Pig
Chicken

UK
36292
336584

N in market (tons/yr)
FR
DE
47169
95159
248903
252572

BE
9528
23018

NL
13665
69518

UK
2534
4808

P in market (tons/yr)
FR
DE
3293
6644
3556
3608

BE
665
329

NL
954
993

Pig
Chicken
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Appendix 4 Calculated NUE and PUE values for the food
chain
The NUE and PUE from one compartment to another compartment is derived by applying the
equations given in section 2.3. The results are shown in table A4.1. We see there are PUE in
France, Germany and Total PUE higher than 100%. Besides that, PUE is much higher than
NUE in all the 5 study countries. As it is illustrated in the above text, phosphorus is able to act
with mineral in soil and become immobile. The PUE values tell us that there is still
phosphorus accumulating from phosphorus inputs. The NUE when calculating wheat
absorbing nitrogen from soil varies from 47% to 69% in the 5 study countries. The average
NUE of wheat is 63%. The PUE when calculating wheat absorbing phosphorus from soil
varies from 73% to 115% and the average PUE of wheat is 105%. According to Eurostat,
within 5 study countries, only France crops soy and the NUE and PUE are 39% and 116%
respectively.
Table A4.1 Calculated NUE and PUE from N and P inputs to soil to N and P taken up by
wheat and soy.
NUE (%)

PUE (%)

Soy

Soy

UK
FR

Wheat

Wheat

67
39

92

69

116

109

DE

56

115

BE

55

82

NL

47

73

total

39

63

116

105

In this model, we analyse NUE and PUE from soy to pigs and chicken. Pigs and chicken have
similar NUE in consuming soy (table A4.2).
Table A4.2 Calculated NUE and PUE from wheat and soy to animals
NUE (%)
PUE (%)
Wheat Soy Wheat Soy
Pigs
Chicken

18
7

42
41

11
1

25
7

When pigs and chicken consume different meals, they will indicate different nutrient use
efficiency. We analyse wheat and soy meal in table A4.2. However, in table A4.3 we can see
a big potential for animals to use BSF larvae meal as a nutrient source. The NUE for pig and
chicken when they consume BSF larvae meal are over a half. Then PUE of all the animals
when they consume BSF larvae meal are less than PUE when they consume soy meal. Except
that PUE of chicken in consuming BSF larvae meal is a bit higher than PUE of chicken in
consuming soy meal.
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Table A4.3 Calculated NUE and PUE from BSFs to animals
Pigs
Chicken

NUE (%)

PUE (%)

59
69

6
10

BSF and pigs both consume residues. By analysis their behaviour of consumption on residues,
we gain better understanding on recycling residues by BSF and pigs. According to table A4.4,
BSF larvae have better efficiency in reusing the nutrients in residues because NUE and PUE
of BSF larvae in consuming residues are 36% and 14% respectively while NUE and PUE of
pigs in consuming residues are 22% and 6% respectively.
Table A4.4 Calculated NUE and PUE from soy and wheat residues to BSF larvae and pigs
NUE (%)

PUE (%)

Pigs

22

6

BSF

36

14

The amount of nitrogen or phosphorus that humans need is shown in table A3.1. It can be
calculated as the amount of nutrient that one people needs for a year which you can find in
table A2.11 times the population in the country which you can find in table A2.4.
By applying equation 3, the NUE and PUE from animals to humans are calculated and listed
in table A4.5. The XUE from crop to humans was illustrated as 14/26% (Galloway and
Cowling, 2002). 54% is a rough number for calculating XUE from soy or wheat to humans.
Table A4.5 NUE and PUE from pigs and chicken to humans in 5 study countries
UK

NUE (%)
FR

DE

BE

NL

Pig

88

69

42

58

61

Chicken

31

43

52

79

39

UK
88
29

PUE (%)
FR
69
40

DE
42
49

BE
58
74

NL
61
59

Pig
Chicken
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Appendix 5 The amount of food needed for humans and of
feed needed for animals
This part, in Appendix 5, are tables for section 3.2 “Impacts of replacing soy and wheat meal
with BSF and residues to the required amount of nitrogen or phosphorus for pigs, chicken and
fish”. Table A5.1 lists the required amount of N and P in tons/year in feed for pigs. Table
A5.2 lists the required amount of N and P in feed for chicken. Table A5.3 lists the required
amount of N and P in food for humans.
Table A5.1 The required amount of N and P in feed for pigs for humans’ consumption
N needs for pigs (tons N/yr)
UK

FR

DE

BE

NL

Required wheat

177577

180859

222449

30669

46468

Required soy

76791

78210

96196

13263

20095

Required BSF

54595

55604

68391

9429

14286

Required residues

147845

150577

185203

25534

38688

P needs for pigs (tons P/yr)
UK

FR

DE

BE

NL

Required wheat

20256

20630

25374

3498

5300

Required soy

8908

9073

11159

1539

2331

Required BSF

39613

40346

49623

6842

10366

Required residues

38322

39031

48006

6619

10028

Table A5.2 The required amount of N and P in feed for chicken for humans’ consumption
N needs for chicken (tons/yr)
UK
Required wheat

FR

DE

BE

NL

1471528

1498720

1843366

254148

385068

Required soy

254166

258863

318391

43897

66510

Required BSF

151334

154131

189574

26137

39601

P needs for chicken (tons/yr)
UK
Required wheat

FR

DE

BE

NL

105640

107592

132334

18245

43958

Required soy

21483

21880

26912

3710

8940

Required BSF

14500

14768

18164

2504

6033
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Table A5.3 The required amount of N and P in food for humans
N in humans (tons/yr)
FR
DE

UK
Pig
Chicken

32053
104920

32645
106859

BE

40152
131432

P in humans (tons/yr)
FR
DE

UK

NL
5536
18121

BE

8388
27455

NL

Pig

2234

2275

2799

386

585

Chicken

1405

1431

1760

243

585
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Appendix 6 Calculations in scenarios
A 6.1 Calculation in scenario 1
The required amount of N and P fertilizer in scenario 1 is calculated in equation A6.1. The
amount of N or P that humans takes up from animals is known as Xintake,animal i. By divided the
nutrient use efficiency that is from soy or wheat to animal, XUEanimal,i , the required amount of
nutrient in soy and wheat is calculated. Then it divided by the nutrient use efficiency from
fertilizer to soy or wheat, XUEcrop,i. We can get the required amount of N and P fertilizer in
scenario 1.
Xfertilizer = (Xintake,animail i / XUEanimal,i) / XUEcrop,i

eq. A6.1

Where X stands for N or P.
Xintake,animail i

The annual amount of nutrient X (N or P) that the humans population in
a country takes up from animal,i (pigs/pork or chicken/poutry) (tons N
or P/yr), it is calculated in eq. A1.3;

XUEanimal,i

Nutrient use efficiency in animal,i, it is calculated in eq. 2;

XUEcrop,i

Nutrient use efficiency in soy and wheat where X stands for N and P, it
is calculated in eq. 1;

Xfertilizer

The amount of nutrient fertilizer consumed in scenario 1 where X stands
for N and P (tons N or P/yr).

A 6.2 Calculation in scenario 2
In scenario 2, we apply equation A6.2 to get the reduced amount of fertilizer. The reduced
amount of fertilizer equals the required amount of fertilizer mins the amount of nutrient with
feeding pigs with residues. Equation A6.3 calculates the amount of recycled nutrient when
pigs are fed with maximum possible residues.
XR = Xfertilizer - Xbycrop

eq. A6.2

Xbycrop ＝ ((Xintake,animal i - Xresidues * XUEanimal,i’) / XUEanimal,i) / XUEcrop,i

eq. A6.3

Where X stands for N or P; bycrop means soy or wheat; animal, i stands for pigs in scenario 2;
crop,i stands for soy or wheat.
XR

The reduced amount of nutrient fertilizer (tons/yr) in scenario 2;

Xfertilizer

The amount of nutrient fertilizer consumed in scenario 1 (tons N or P/yr);

Xbycrop

The amount of recycled nutrient that animal (pigs) consume from soy and
wheat (tons N or P/yr), after feeding animal (pigs) with maximum
possible residues;

Xintake,animal i

The annual amount of nutrient X (N or P) that the humans population in a
country takes up from animal,i (pigs/pork or chicken/poutry) (tons N or
P/yr), it is calculated in eq. A1.3;
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Xresidues

The maximum amount of N or P provided by residues (tons N or P/yr);

XUEanimal,i’

Nutrient use efficiency from soy and wheat residues to pigs, it is
calculated in eq. 4;

XUEanimal,i

Nutrient use efficiency from soy and wheat to pigs where X stands for N
or P, it is calculated in eq. 2;

XUEcrop,i

Nutrient use efficiency in soy and wheat where X stands for N and P, it is
calculated in eq. 1.

A 6.3 Calculation in scenario 3
Equation A6.4 calculates the reduced amount of fertilizer in scenario 3. It equals the amount
of required amount of fertilizer, indicated as Xfertilizer, mins the amount of recycled amount of
nutrient, indicated as Xbycrop.” Equation A6.5 describes on how to calculates the amount of
recycled nutrient. Equation A6.6 shows the amount of BSF can provide to animals when BSF
consume the maximum possible residues.
XR’ = Xfertilizer – Xbycrop’

eq. A6.4

Xby crop’ = (Xintake,animal i / XUEanimal,i - XbyBSF) / XUEcrop,i

eq. A6.5

XbyBSF = (Xresidues / XUEanimal,i’) / XUEanimal,i”

eq. A6.6

Where X stands for N or P; R means reduced amount; BSF stands for BSF.
XR’

The reduced amount of nutrient fertilizer (tons/yr) in scenario 3;

Xfertilizer

The amount of nutrient fertilizer consumed in scenario 1;

Xbycrop’

The amount of recycled nutrient that animal (pigs) consume from soy and
wheat (tons N or P/yr), after feeding animal (pigs) with maximum
possible residues;

Xintake,animal i

The annual amount of nutrient X (N or P) that the humans population in a
country takes up from animal,i (pigs/pork, poultry or fish) (tons N or
P/yr), it is calculated in eq. A1.3;

Xresidues

The maximum amount of N or P provided by residues (tons N or P/yr);

XUEanimal,i’

Nutrient use efficiency from soy and wheat residues to pigs, it is
calculated in eq. 4;

XUEanimal,i

Nutrient use efficiency from soy and wheat to pigs where X stands for N
or P, it is calculated in eq. 2;

XUEcrop,i

Nutrient use efficiency in soy and wheat where X stands for N and P, it is
calculated in eq. 1.

XbyBSF

The maximum possible amount of N or P (tons/yr) provided by BSF for
pigs in scenario 3;

XUEanimal,i”

Nutrient use efficiency from BSF to animal (pigs), where X stands for N
and P, it is calculated in eq. 5.
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A 6.4 Calculation in scenario 4
Equation A6.7 calculates the reduced amount of fertilizer in scenario 4. It equals the amount
of required amount of fertilizer, indicated as Xfertilizer, mins the amount of recycled amount of
nutrient, indicated as Xbycrop”. Equation A6.8 describes on how to calculates the amount of
recycled nutrient. Equation A6.9 shows the amount of BSF can provide to animals when BSF
consume the maximum possible residues.
XR” = Xfertilizer – Xbycrop”

eq. A6.7

Xbycrop” = (Xintake,animal i / XUEanimal,i - XbyBSF”) / XUEcrop,i

eq. A6.8

XbyBSF” = (Xresidues / XUEanimal,i’) / XUEanimal,i”

eq. A6.9

Where X stands for N or P; R means reduced amount; BSF stands for BSF.
XR”

The reduced amount of nutrient fertilizer (tons/yr) in scenario 4;

Xfertilizer

The amount of nutrient fertilizer consumed in scenario 1 where X stands
for N and P (tons N or P/yr);

Xbycrop”

The amount of nutrient that animal (chicken) consume from soy and
wheat (tons N or P/yr), after feeding animal (chicken) with maximum
possible residues;

Xintake,animal i

The annual amount of nutrient X (N or P) that the humans population in a
country takes up from animal,i (chicken/poutry) (tons N or P/yr), it is
calculated in eq. A1.3;

Xresidues

The maximum amount of N or P provided by residues (tons N or P/yr);

XUEanimal,i’

Nutrient use efficiency from soy and wheat residues to pigs, it is
calculated in eq. 4;

XUEanimal,i

Nutrient use efficiency from soy and wheat to pigs where X stands for N
or P, it is calculated in eq. 2;

XUEcrop,i

Nutrient use efficiency in soy and wheat where X stands for N and P, it is
calculated in eq. 1.

XbyBSF”

The maximum possible amount of N or P (tons/yr) provided by BSF for
pigs in scenario 3;

XUEanimal,i”

Nutrient use efficiency from BSF to animal (chicken), where X stands for
N and P, it is calculated in eq. 5.
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Appendix 7 Scenario results on black soldier consumption
on N and P use efficiency in the whole food chain for
different scenarios
Appendix 7 are the results for scenarios. Table A7.1 and A7.5 are the required amount of N
and P fertilizer in scenario 1 and they are shown in figure 3.14, figure 3.15, figure 3.16 and
figure 3.17. Table A7.2 is the reduced amount of N and P fertilizer in scenario 2 and it is
shown in figure 3.19 and figure 3.20. Table A7.3 is the reduced amount of N and P fertilizer
in scenario 3 and it is shown in figure 3.22 and figure 3.23. Table A7.4 is the reduced amount
of N and P fertilizer in scenario 4 and it is shown in figure 3.25 and figure 3.26.
Table A7.1 The required amount of N and P fertilizer (tons/yr) in scenario 1 and the required
amount of N and P fertilizer in capita in scenario 1

UK
FR
DE
BE
NL

N fertilizer (tons/yr)
By wheat
Pigs
Chicken
265040
2196310
262114
2172058
397230
3291725
55762
462087
98868
819294

UK
FR
DE
BE
NL

P fertilizer (tons/yr)
By wheat
Pigs
Chicken
193018
1599487
165926
1374972
193434
1602927
37401
309937
63655
527490

Table A7.2 The required amount of N and P fertilizer in Scenario 2

UK
FR
DE
BE
NL

N fertilizer (tons/yr)
P fertilizer (tons/yr)
By wheat
107775
78488
17895
11328
82366
40108
32895
22064
81512
52480

Table A7. 3 the required amount of N and P fertilizer in scenario 3

UK
FR
DE
BE
NL

N fertilizer (tons/yr)
P fertilizer (tons/yr)
By wheat
113233
82463
28288
19519
93281
45424
33691
22597
82121
52873
51

Table A7.4 the required amount of N and P fertilizer in scenario 4

UK
FR
DE
BE
NL

N fertilizer (tons/yr)
P fertilizer (tons/yr)
By wheat
1778358
1295109
1161139
735033
2435481
1185973
403827
270860
783319
504329

Table A7.5 The required amount of N and P fertilizer in scenario 1 in capita
N fertilizer (kg yr-1 person-1)
By wheat
pigs
chicken
UK
4
33
FR
4
32
DE
5
40
BE
5
41
NL
6
48
P fertilizer (kg yr-1 person-1)
By wheat
pigs
chicken
UK
3
24
FR
2
21
DE
2
19
BE
3
27
NL
4
31

52

