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Abstract 
The current economic system is not sustainable, as it is based on a 

linear flow of resources from extraction, production, use and disposal. 

The linear flow of resources must be replaced with a circular flow 

where waste is seen as a resource. The Circular economy has been 

suggested as a vision for how to organise production and consumption 

by reducing waste and supplying sustainable resources. In a circular 

economy materials should be kept at their highest utility and value at 

all times. As an example, wet, non-solid waste such as sludge from 

wastewater treatment facilities for household and industry sewage 

contains valuable resources. However, it is a challenge to valorize 

because of its low energy value, content of potential pathogens, 

pesticides and heavy metals. Pulp and paper bio-sludge (PPBS) is an 

example of this kind of difficult waste for which the current 

management methods only recover low values such as energy and 

compost. Thus, the discovery of sustainable ways to maximise the 

value of PPBS is needed. 

Ranking of valorization methods for PPBS was done based on 

assessment of technology readiness level, degree of circularity, PPBS 

characteristics and economic drivers (a top-down perspective). The 

ranking procedure aimed at finding circular valorization methods 

with high potential in the mid-range of technology readiness level. 

Producing protein from PPBS was the highest ranked valorization 

method. A novel recycling method to produce protein from waste 

material is conversion of the waste by insects. 

Valorization of PPBS into protein by Black soldier fly larvae (BSFL. 

Hermetia illucens) was assessed by lab scale rearing. However, the 

nutrients in PPBS are not readily available to the larvae. Simple 
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manipulations such as adding reference diet leachate (nutrient 

solution) mixed into the PPBS or as free liquid surface did not 

significantly increase larvae weight gain or bioconversion rate. It is 

clear that low nutrient availability, the occurrence of toxic substances 

such as pesticides and other organic toxins, toxic elements such as 

heavy metals and pathogenic and/or competing microbes inhibit the 

growth of BSFL. PPBS therefore needs pre-treatment to improve its 

feasibility as feed for BSFL. 

Pre-treatment of PPBS by fermentation dissolves a part of the PPBS and 

dissolved substances in the fermentation liquid are readily converted 

into larvae biomass. However, the bulk of the lignocellulose is not 

dissolved, thus most of PPBS nutrients remain unavailable for growth 

of the larvae. The BSFL did not grow well and pre-treatment of PPBS 

by fermentation did not improve its feasibility as feed for BSFL. 

Hydrothermal pre-treatment of PPBS reduces microbial occurrence 

and increases nutrient availability. The growth of the larvae improves 

which leads to increased weight of BSFL thus the PPBS’s feasibility as 

feed for BSFL improves. 
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Sammanfattning 
Det ekonomiska systemet är inte hållbart, det bygger på ett linjärt flöde 

av resurser från utvinning, produktion, användning och bortskaffande. 

Det linjära flödet av resurser måste ersättas med ett cirkulärt flöde där 

avfall ses som en resurs. Den cirkulära ekonomin har föreslagits som 

en vision för hur man ska organisera produktion och konsumtion 

genom att minska avfallet och tillhandahålla resurser på ett hållbart 

sätt. I en cirkulär ekonomi bör materials användbarhet och värde alltid 

hållas på högsta möjliga nivå. Icke-fast avfall, som slam från 

avloppsreningsverk för hushålls- och industriavlopp innehåller 

värdefulla resurser. Det är dock en utmaning att skapa värde från på 

grund av dess låga energivärde, innehåll av potentiella patogener, 

bekämpningsmedel och tungmetaller. Bioslam från massa- och 

pappersindustrin (PPBS) är ett exempel på denna typ av avfall för 

vilket de nuvarande hanteringsmetoderna endast återvinner låga 

värden, till exempel energi och kompost. Det behövs därför hållbara 

sätt att maximera värdet av PPBS. 

En rangordning av metoder för att skapa värde från PPBS gjordes på 

grundval av bedömning av teknisk mognadsgrad, grad av cirkularitet, 

PPBS-egenskaper och ekonomiska drivkrafter (ett top-down-

perspektiv). Rangordningsförfarandet syftade till att hitta cirkulära 

metoder som uppnått en viss teknisk mognadsgrad men ändå inte är 

mogna att direkt kommersialiseras och som har stor potential att skapa 

värde från PPBS. Att producera protein från PPBS var den högst 

rankade metoden. En ny återvinningsmetod för att producera protein 

från avfallsmaterial är konvertering med hjälp av insekter. 

Att skapa värde från PPBS genom konvertering till protein med hjälp 

av larver av Svart soldatfluga (BSFL) utvärderades genom 
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uppfödningsförsök i labbskala. Näringsämnen i PPBS är dock inte lätt 

tillgängliga för larverna. Enkla åtgärder som att tillsätta extra 

näringsämnen (lakvatten) blandat i PPBS eller som fri vätskeyta gav 

ingen betydande viktökning hos larverna eller biokonversion av PPBS. 

Det är uppenbart att låg näringstillgång, bekämpningsmedel, 

tungmetaller och patogena och/eller konkurrerande mikrober hämmar 

tillväxten av BSFL, vilket innebär att PPBS behöver förbehandling för 

att förbättra dess lämplighet som foder för BSFL. 

Förbehandling av PPBS genom fermentering löser upp en del av PPBS 

och upplösta ämnen konverteras lätt till larvbiomassa. Huvuddelen av 

lignocellulosan löses dock inte upp, vilket innebär att det mesta av 

näringsämnena i PPBS fortfarande inte är tillgängliga för tillväxt av 

larverna. BSFL växer inte bra och förbehandling av PPBS genom 

fermentering förbättrar inte dess lämplighet som foder för BSFL. 

Hydrotermisk förbehandling av PPBS minskar förekomst av mikrober 

och ökar näringsämnenas tillgänglighet. Tillväxten av larverna 

förbättras vilket leder till ökad vikt samt förbättrad lämplighet för 

PPBS som foder åt BSFL. 
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1 Introduction 

The global use of material resources is prognosed to increase by 111% 

from 79 Gt/year in 2011 to 167 GT/year in 2060 [1] and generation of 

solid waste is expected to increase by 70% from 2.01 billion ton in 2016 

to 3.40 billion tons 2050 [2]. The extraction of material resources causes 

destruction of habitats, noise pollution as well as soil and water 

pollution [3–6]. After the resources have been used, they are discarded 

as waste. Leachate and dust from growing waste piles contaminate 

land, water and air [7]. The current economic system is not sustainable 

[8–11], it is based on a linear flow of material resources from extraction, 

production, use and disposal [12, 13]. The linear flow of material 

resources must decrease. One way of doing that is to replace it with a 

circular flow [14, 15]. Therefore, it is crucial that the current economic 

system is replaced with a system that sees waste as a resource that 

should replace virgin material [16]. The Circular economy is based on 

circular material flows and it has been suggested as a vision for how to 

organize production and consumption in a more sustainable way.  

For waste that is easily recyclable, has a substantial economic value 

(e.g., glass, metals) or for which recycling is prescribed by laws and 

regulations (e.g., tires [17]) systems for reuse and recycling are in place. 

By contrast, the usefulness of wet, non-solid waste such as sludge from 

wastewater treatment facilities for household and industry sewage is 

low because of its low energy value, content of potential pathogens 

and toxic substances such as pharmaceuticals [18] and heavy metals 

[18, 19]. So far, there is no demand that motivates other valorization 

than composting for brown field restoration, energy recovery by 

incineration or anaerobic digestion for production of biogas. These 

valorization methods have low economic value [20]. Maximizing the 
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value of waste is fundamental in the circular economy [21] thus other 

recycling methods than composting, anaerobic digestion and 

incineration should be explored. Nitrogen, phosphorus, potassium 

and protein are examples of products with higher value than energy 

[22] and compost [23]. Recovery of these nutrients would enable 

utilization of a larger share of the potential value of pulp and paper 

bio-sludges (PPBS) in comparison to what optimization of current 

valorization methods could bring.  

The demand for protein increases as the world population grows [24], 

there is therefore a need to find ways to increase protein production 

[25]. The environmental impacts are a main concern in protein 

production thus sustainable methods for producing protein need to be 

explored [25]. However, who benefits from the solutions and who 

bears the costs have ethical implications. Using waste as raw material 

to increase production of protein is favourable compared to increasing 

the land area used for agriculture, using more fertilizer or increasing 

the amount of livestock. For example, replacing soy protein in animal 

feed with waste derived protein reduces competition for land and 

water and the use of energy and fertilizer thereby reducing the 

environmental impacts [26]. Using low value waste rather than high 

value waste for protein production mean a larger value creation unless 

the process demand too much energy and input material. A novel 

recycling method to produce protein from waste material is conversion 

of the waste by insects. The produced insects, rich in protein, are used 

as feed for pigs, poultry and farmed fish [27]. Black soldier fly larvae 

(BSFL, Hermetia illucens) are a robust insect that feed on a large 

variety of decaying organic matter. The use of BSFL for management 

of organic waste and production of animal feed have been studied for 

over seven decades [28]. Recent research in rearing of BSFL has focused 
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on the easier catering waste and to a lesser extent manure. However, it 

is not until recently that BSFL have been used commercially for 

valorization of organic waste. The reason is related to a wide range of 

factors such as low process efficiency, food safety, labour intensive 

production, consumer acceptance and restrictions imposed on the 

sector by the food and feed legislation.  

Pulp and paper bio-sludge (PPBS) is an example of difficult waste for 

which circular recycling methods must be developed. PPBS is 

produced in large quantities (6 million ton dry substance annually), is 

very wet, contains heavy metals and other potentially toxic and 

harmful substances and has a low economic value [29]. Common 

recycling methods for PPBS are composting, anaerobic digestion and 

incineration [29, 30]. PPBS have so far not been assessed for rearing 

BSFL. Rearing of BSFL on PPBS would not only help solve a waste 

problem but also supply substantial amounts of high-grade animal 

feed, thus this thesis focusses on bioconversion of PPBS into animal 

feed by BSFL. 

1.1 Goal and scope of the thesis 

This thesis assesses the feasibility of pulp and paper sludge (PPBS) as 

feed for Black Soldier fly larvae (BSFL, Hermetia Illucens) for further 

valorization into animal feed, rich in protein and fat. Bioconversion of 

PPBS by BSFL into animal feed and the obstacles related to its 

implementation and operative phase including the inconsistencies 

between the waste hierarchy and the value pyramid of biomass is 

discussed. The intention is to provide knowledge on the preconditions 

for circular solutions to the PPBS waste problem and the complexity in 

valorization of waste. In order to develop and implement circular 

economy-based management of PPBS, a number of barriers must be 
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overcome: The barriers and the related research questions that have 

guided my research are listed below: 

The knowledge barrier. There are many methods for valorization of PPBS 

(processes: e.g., hydrothermal treatment, gasification) for many 

objectives (resource recovery of e.g.: nitrogen, protein, energy) [22, 31]. 

• Which strengths and weaknesses do different PPBS valorization 

methods have to contribute to the circular economy and a more 

sustainable PPBS management (addressed in thesis)? 

The technical barrier. The PPBS properties sets the conditions for 

conversion into protein rich BSFL. PPBS with deficient properties may 

require pre-treatment to become feasible and effective. 

• Can BSFL grow and develop when reared on PPBS and which 

factors may limit bioconversion of PPBS (addressed in Paper I-

IV)? 

• Which methods of pre-treatment of PPBS can be used to 

improve bioconversion by BSFL (addressed in Paper II-IV)? 

The supply chain barrier. In order to reduce the supply chain risks the 

supply chain actors must have a common understanding of their 

dependency on each other. 

• How can circular economy applied on PPBS management be 

achieved and which risks are there to its implementation and 

operative phase (addressed in thesis discussion only)? 
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1.2 Outline of the thesis 

This thesis is based on the four journal papers (Paper I – IV) dealing 

with rearing of BSFL on PPBS, although a broader analysis of the 

preconditions for the implementation of circular economy to PPBS 

management is also performed. In the introductory section, the 

problem with the current linear economic system is described and the 

need for circular solutions to waste management and resource supply 

is identified. An overview of current valorization methods for 

wastewater sludge is given. The challenge of low value waste and the 

potential in bioconversion of PPBS by BSFL is described as well. In the 

theory section a brief overview of the potential in the circular economy 

and barriers to its implementation are described. Important properties 

of insect feed and potential problems of PPBS content are accounted 

for as well. The third section summarises methods used in the rearing 

experiments. The background for selecting BSFL for valorization of 

PPBS and a brief overview of novel methods to create value from PPBS 

are described in section four. Section five summarizes the results of 

rearing BSFL on PPBS after different pre-treatment methods (Paper I – 

IV). The significance of the most important findings is discussed in 

section six. The latter part of the discussion is dedicated to reflexions 

on supply chain risks
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2 Theory 

2.1 Circular economy – potential and barriers 
to its implementation to the pulp and 
paper waste problem 

The exact meaning of circular economy is debated and there is no 

consensus on its definition and how to implement it. Blomsma and 

Brennan [32] describe how the views on the circular economy-concept 

differ among actors such as academics, policy-makers, businesses and 

non-profit organisations. Aside from finding a consensus on its 

definition, context specific research on drivers and critical success 

factors for implementation of circular economy is needed [33, 34]. In 

addition, the circular economy research is biased towards an energy 

focus thus research focusing on water and food is motivated [35]. In 

this thesis I use the definition of circular economy by Webster [36]: 

“circular economy is one that is restorative by design, and which aims to 

keep products, components and materials at their highest utility and value, 

at all times” 

Sludge is produced from waste-water treatment plants in industrial 

and municipal sewage systems as well as from pit latrines [37]. In this 

thesis the term “sludge” is used for the dewatered biosolids after the 

wastewater treatment plant whether it is of municipal or industrial 

origin. Pit latrine sludge is not considered. Large volumes of sludge 

are produced [37] and the sludge generated has a largely untapped 

potential as a source of nutrients such as nitrogen, phosphorus [38], 

protein [39] as well as energy [39]. Recycling of these resources thus 

reduce waste, replace virgin resources as well as reducing both 
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economic costs and environmental impacts, and hence could 

contribute substantially to the circular economy [38, 39]. 

Although there are many published reviews on sludge research in the 

context of the circular economy, research about the barriers to the 

adoption of circular economy in sludge management is scarce [40]. 

Gherghel et al. [39] reviewed technologies for energy and material 

recovery from wastewater sludge and reported positive and negative 

aspects related to technology and economy. They compiled a list of 

barriers to market penetration, e.g., regulatory, customer acceptance, 

public perception, waste characteristics and stability. Additional 

barriers are: economic, institutional [41], knowledge, technical and 

supply chain [42]. This thesis focuses on the knowledge, technical and 

supply chain barriers and uses the definition as described by Vermunt 

et. al. [42]. 

2.2 The knowledge barrier 
The knowledge barrier emphasizes the need of data and knowledge as 

a prerequisite for action. Knowledge is needed in all parts of the 

implementation process of circular economy e.g., during initiation, 

upscaling, start-up and the operative phase. Here, I focus on the barrier 

to initiating a project for valorization of waste. 

Knowledge on which valorization methods exist and how to assess 

and rank them is needed for an informed selection and implementation. 

Gherghel et. al. compiled a list of thirteen combinations of processes 

and resource recovery from sludge and six combinations for energy 

recovery [39]. The valorization methods were assessed with respect to 

their technology readiness level, positive and negative aspects in 

relation to implementation (e.g., technical and economic) and barriers 

to process implementation (e.g., regulatory, market penetration). 
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However, no ranking of those valorization methods was done. On 

what basis can a decision on the feasibility of a valorization method be 

done? The large number of options for valorizing sludge is a problem 

in itself and there is a need to find methods to rank the valorization 

methods! The value pyramid of biomass (Figure 1) was used by van 

der Hoek to rank recovered products from municipal waste-water 

treatment sludge [20]. However, cellulose, bioplastic, phosphorus and 

alginic acid were all ranked at level three. These products were 

distinguished between by discussion about their “links” to other levels.  

Figure 1 The biomass value pyramid (adapted from van der Hoek et. al. [20]). 

BSF, Black soldier fly. SCP, Single cell protein. HTC, hydrothermal 

carbonisation. CFB, circulating fluidized bed boiler. 

However, more comprehensive procedures have been used for 

assessing and selecting waste valorization methods. Stone et. al. [43] 

developed a framework for assessing food waste valorization 

strategies. The framework comprised of modelling the volumes of the 
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waste, identifying potential valorization options and choosing feasible 

indicators for environmental, social and economic performance as well 

as technological maturity and alignment with company goals. This 

thesis provides knowledge on the complexity of assessing, ranking and 

selecting a valorization method for PPBS and emphasizes the need for 

fine graded ranking procedures that enable a high degree of 

differentiation of the alternatives. 

2.3 The technical barrier 
The technical barrier consists of the technical, chemical, physical or 

biological problems that must be solved to obtain a functioning 

production process that deliver a product that meets the criteria for 

quality and profitability. This is obviously also true when using insects 

for bioconversion. 

2.3.1 Insect feed properties 

Insect diets have been developed for many different insect species [44]. 

BSFL is considered to have traits making it one of the most feasible 

species for conversion of low quality waste into animal feed [45]. This 

feasibility depends partly on its large amount of enzymes and high 

enzyme activity resulting in a flexible digestive system [45]. The 

growth and development of BSFL are strongly dependent on the 

quality of their feed. What matters is not just the presence of nutrients, 

but nutrient availability. Whether or not a nutrient is available 

depends on: 

1. feed texture such as particle size, viscosity, shear strength, 

plasticity and penetration resistance [44] 

2. palatability [44] 

3. intestinal mobility [44] 
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4. nutrient chemical form, that is, solid, dispersed, dissolved or 

embedded in insoluble carbohydrates [44] and 

5. the presence of antinutrients that interfere with the absorption 

of nutrients such as protein [44, 46], lipids [47] and minerals [44, 

47] (e.g., protease [44, 46] and lipase inhibitors [47], phytic acid 

[44, 47], lectins [44, 46]). 

2.3.2 Properties of pulp and paper bio-sludge and its 
potential as insect feed 

Pulp and paper bio-sludge (PPBS) contain elements such as carbon, 

hydrogen, oxygen, nitrogen and phosphorus. Carbon, nitrogen and 

phosphorous are valuable nutrients that could potentially be used to 

grow insects. However, the pulping process releases toxic substances 

into the wastewater such as resin acid, tannin, dioxin, vanillin which 

could be transferred to the PPBS [29] thus eventually inhibiting growth 

of BSFL. In addition, PPBS contains heavy metals and microbes [29]. 

Microbes can be symbiotic or pathogenic to BSFL while others could 

be competitors for nutrients [44]. The high temperature used in the 

pulping process [48, 49] may reduce or eliminate heat labile nutrients 

such as B1-vitamine, C-vitamin, and feeding stimulants as well as 

forming sugar-amino acid complexes thus reducing protein 

digestibility [44]. It is therefore reasonable that PPBS is deficient in 

such heat labile nutrients. Furthermore, a substantial part of the carbon 

is present in the form of lignocellulose that is difficult to digest for 

BSFL [50, 51]. The recalcitrance to digestion of lignocellulose is well 

known. The crystalline structure of the cellulose and the crosslinked 

lignin and cellulose explains the recalcitrance of lignocellulose [52]. 

Altogether, valorization of PPBS into animal feed by BSFL meets many 

challenges that must be dealt with. 
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2.4 The supply chain barrier 
The supply chain barrier considers obstacles to a functioning supply 

chain such as: lack of partners, low availability of materials, high 

dependence on external parties, lack of information exchange between 

supply chain actors, conflicting interests between actors in the supply 

chain, lack of consideration on circular design from supply chain actors 

as well as bad re-use practices or reluctance of third parties. 

Replacing products with waste means an increased supply risk related 

to both amount of waste available and quality of the waste since no 

well performing market exists which facilitates the meeting of supply 

and demand or agreement of material standards [42]. A supplier of 

waste can close their production in a region or modify their production 

process thus changing the waste characteristics and leaving the waste 

user in an difficult situation. In addition, the business cycle of the waste 

suppliers may differ from each other. Unsynchronized business cycles 

could lead to the supply and demand not matching thus inhibiting a 

maximal production of the waste derived product. Matching supply 

and demand of waste is an issue that is not well described in circular 

economy research literature so far since most published studies on 

circular economy have an engineering focus [34] rather than a business 

and supply chain focus. The risk of shortages of waste resources raises 

the question whether stockpiling is needed to enable a steady 

production rate and if cooperation among the supply chain actors can 

mitigate the supply and demand risks. In addition, information on 

waste volume, quality and timing may be as important as the waste 

itself [42]. Further research on disturbances in supply and demand in 

the circular economy and its effect on supply chains is encouraged, 

including from a PPBS/BSFL point of view. 
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3 Method and material 
In order to assess “Which strengths and weaknesses do different PPBS 

valorization methods have related to their ability to contribute to circular 

economy and a more sustainable PPBS management?” two complementing 

approaches were used. Ranking of the strength of the economic driver 

of potentially recovered products was complemented with an 

assessment of technology readiness level and degree of circularity. 

The first approach was based on chemical analysis of PPBS and market 

values of potentially recovered products. PPBS from ten Swedish pulp 

and paper mills were analysed for their content of nutrients (nitrogen, 

phosphorus, potassium, fat, protein, lignin). The potential economic 

values of these substances including the value of PPBS as biofuel were 

calculated for assessing the strengths of the economic driver [22].  

The second approach was based on the screening of the research 

database Scopus. Scopus was screened for published papers about 

valorization of sludge. A list of valorization methods comprising both 

recycling technologies, recovered products and field of application 

were compiled. The technologies were assessed for technology 

readiness level. The valorization methods were assessed for degree of 

circularity [31]. Finally, selection criteria for technology readiness level 

(level 5 of 9, technologies in the phase of technology development in 

laboratory scale and with the system configuration similar to the final 

application [53]) and degree of circularity (level 3 of 4, where 4 is the 

most circular solution [31]) was applied. The selection of preferred 

valorization method was made on the outcome of these two 

approaches. 

The second and third research questions “Can BSFL grow and develop 

when reared on PPBS and which factors may limit bioconversion of PPBS?” 
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and “Which methods of pre-treatment of PPBS can be used to improve 

bioconversion by BSFL?” were dealt with by rearing experiments on a 

laboratory scale. The initial experiments (Paper I) focused on simple 

measures such as addition of water, reference diet leachate (nutrient 

solution) and assessing the impact of PPBS pathogen and toxins. The 

second and third experimental run assessed the effect of pre-treatment 

of PPBS. Two methods for improving the nutrient availability were 

tested to assess their effect on the growth of the larvae. Fermentation 

and rearing BSFL on fermented PPBS is described in Paper II and III 

respectively and rearing BSFL on hydrothermally pre-treated PPBS is 

described in Paper IV.  

The rearing experiments were carried out in (polypropylene) boxes 

with dimensions (21 x 17 x 15 cm). 160 g of substrate and 100 larvae 

were added to each box at the start of the experiment. PPBS from a 

chemical- thermo-mechanical pulp/ground wood pulp mill (Table 1, 

Mill E) was used in the experiments. The reference diet was a mix of 

alfalfa seeds, wheat bran and maize. The Swedish University of 

Agricultural Sciences delivered the larvae used in the experiments. A 

climate room at MoRe Research Örnsköldsvik AB, Örnsköldsvik, 

Sweden was used for rearing the larvae. A 12-hour day and 12-hour 

night light scheme, and a rearing period of 16 days was used. All three 

rearing experiments were done with the same procedure, with a few 

exceptions. The initial rearing experiment that assessed the effect of 

adding liquids either mixed in the sludge or added as a free liquid 

surface used a ledge in the box to separate the PPBS from the liquid 

(Figure 2). In the second rearing experiment both the liquid and solid 

fraction of the fermented PPBS were tested, however no free liquid 

surface was used thus the ledge was removed. Instead, the liquid from 

the fermented PPBS was mixed with nutritiously inert sand to obtain 
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a stackable material. In the third rearing experiment hydrothermally 

pre-treated PPBS was tested. Both the pre-treated and not pre-treated 

PPBS was mixed with the reference diet in a 50/50-volume-% ratio. The 

larvae were harvested when the ten heaviest larvae peaked in weight 

(day 8 – 10). 

Figure 2 Box design. Length x with x hight: 21 x 17 x 15 cm. PPBS = pulp 

and paper bio-sludge. 

The fermentation of the PPBS was carried out at Luleå University of 

Technology, Luleå, Sweden. The effect of temperature (35 °C and 55 °C) 

and initial pH (8 and 10) on generation of soluble chemical oxygen 

demand (sCOD) were assessed. For the fermentation of the PPBS 118-

mL bottles sealed with airtight rubber stoppers was used. Each bottle 

was filled with PPBS and inoculum. The inoculum was digested sludge 

collected from the mesophilic anaerobic digester at the municipal 

wastewater treatment plant in Luleå, Sweden. The pH was adjusted 

with NaOH solution. The bottles were incubated in a heating cabinet 

for 10 days and continuously shaken. After fermentation, the sCOD, 

gas production and final pH were measured. In order to produce 

fermented PPBS for the rearing experiments, a second fermentation 

run in 0.4 L scale was done based on the bottles with the highest sCOD 

at each temperature (35 °C and 55 °C). The solid and liquid phase was 

separated by centrifugation and subsequently used in the rearing 

PPBS 

Free liquid 
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experiments. The liquid fraction was analysed for volatile fatty acids 

(VFA) and the solid fraction was analysed for sugars. 

The hydrothermal pre-treatment of PPBS was done at RISE Processum 

AB, Örnsköldsvik, Sweden. A mantle-heated batch reactor of 50L was 

used for the pre-treatment. A mix of PPBS and water at 10% dry 

substance were pre-treated in the reactor under the self-generated 

pressure. Pre-treatment was done at 160, 180 and 200 °C in 30, 60 and 

120 minutes. After the pre-treatment the liquid was separated from the 

solids by a filter press. The solids were used for the rearing 

experiments.  

The fourth research question “How can circular economy applied on PPBS 

management be achieved and which risks are there to its implementation and 

operative phase?” was addressed by describing a potential supply chain 

based on the results of the rearing trials and discussing the 

implications for supply chain risks and stability. 
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4 Valorization of PPBS 
The PPBS concentrations of different commodities, such as nutrients 

(nitrogen, phosphorus, potassium, fat, protein), lignin and heating 

value analysed for ten Swedish pulp and paper mills varied 

significantly between the mills. For instance, the content of protein and 

fat vary from 1.5 % to 8.3 % and 0.3 to 3.3 % respectively (Table 1). The 

heterogeneity of PPBS quality implies uncertainty as to which 

valorization method is most feasible for the individual PPBS. The 

market value of the analysed commodities can help rank the 

alternatives for valorization of PPBS. However, there are large 

differences in market value among these commodities as well. 

Phosphorus has the highest market value (1,961 €/ton phosphorus) 

while bioenergy has the lowest value (11 €/MWh bioenergy) (Table 2). 

These market values are not comparable, which justifies calculating the 

corresponding value per ton dry PPBS (the economic driver).
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Table 1 Results of chemical analysis of pulp and paper bio-sludge from ten Swedish pulp and paper mills [22]. DS = dry 

substance, N = nitrogen, P = phosphorus, Hg = mercury, K = potassium, Pb = lead. 

Properties Mill A  Mill B  Mill C  Mill D  Mill E  Mill F  Mill G  Mill H  Mill I Mill J 

DS (%) 18 19 10 20 30 16 21 19 26 11 

N 

(mg/kg) 

13,000 16,000 7,900 11,000 7,800 2,900 6,900 8,300 5,500 9,500 

Crude protein (%) 6.1 8.3 4.3 4.5 4.4 1.5 3.8 4.2 3.2 5.1 

Fat (%) 0.7 0.8 0.3 0.5 3.3 0.8 1.8 1.4 1.3 0.7 

Lignin  

(% DS) 

38 20 32 17 40 23 40 37 30 N.D. 

P  

(mg/kg DS) 

8,600 19,000 15,000 21,000 3,000 1,700 6,500 8,800 4,800 N.D. 

Hg  

(mg/kg DS) 

0.042 0.032 0.07 0.14 0.024 0.034 0.022 0.022 0.022. N.D. 

Cd  

(mg/kg DS) 

1.3 8.1 1.8 0.3 2.5 1.3 1.4 1.3 0.8 2.7 

K  

(mg/kg DS) 

2,700 3,900 3,300 2,200 670 590 1,000 1,700 245 4,600 

Pb  

(mg/kg DS) 

5.4 4.9 90 15 2.9 11 7.7 6.6 8.1 3.2 
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Table 2 Market value of pulp and paper bio-sludge derived commodities [22] 

Resource Market value 

(2016) 

Phosphorus (€/ton) 1,961 

Nitrogen (€/ton) 1,089 

Potassium (€/ton) 763 

Protein (€/ton) 534 

Fat (€/ton) 381 

Lignin (€/ton) 225 

Bioenergy (€/MWh) 11 

 

In order to assess the attractiveness of each valorization method for the 

individual pulp and paper mills, the economic driver was calculated 

(Figure 3) from the market value and the concentration of the 

commodity. For seven of the mills, protein had the strongest economic 

driver and for two of the mills it was lignin. For one of the mills protein 

and lignin had an equally strong economic driver. It is clear that for a 

majority of the mills recovery of the PPBS protein is the most valuable 

option for resource recovery. 
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Figure 3 Potential economic value as driver for circular economy solutions 

(EUR/ ton dry substance of sludge) [22] 

In addition to the sludge content of resources and the market value of 

those commodities, the technologies available must also be assessed. 

The screening of Scopus for valorization methods resulted in a list of 

23 combinations of technologies and recovered resources [31]. There 

was a great variation of technologies in focus (aquaculture, gasification, 

thermo-alkali, hydro-thermal) and resources/field of application 

(energy, protein for food and feed, construction materials, water 

treatment) [31]. The technologies with the highest maturity were: a) 

production of glass by vitrification, b) heat production by incineration 

of bio sludge in a pulp mill recovery boiler and c) use as a liming agent 

at landfills. The most circular valorization methods were: a) 

production of single cell protein (SCP) from hydrolysed fibre sludge, 

b) sludge as replacement for clay for brick production and c) anaerobic 

treatment of bio sludge and recycling of digestate as a source of 

nutrient in the activated sludge process while producing methane, 

reducing sludge volume and improving dewaterability. Producing 

single cell protein by fermentation to be used as fish feed was the only 
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valorization method for which both the technology and the recovered 

resource passed their required criteria, i.e., technology readiness level 

and the criteria for circularity. 

The strengths of the economic driver for protein and the fact that the 

production of protein can be considered a technologically mature and 

circular method for valorization of PPBS motivate further research in 

this field. However, production of insect-based protein doesn’t require 

such large scale facilities as SCP does to achieve profitability [54], thus 

further research on insect-based protein can provide the precondition 

for alternative protein production where large scale facilities are not 

possible. BSFL is considered to have traits making it one of the most 

feasible species for conversion of low-quality waste into animal feed 

[45]. Bioconversion into animal feed by BSFL is a novel method that 

until now has not been applied on PPBS.
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5 Summary of Paper I – IV 

5.1 Initial rearing (Paper I) 

The final dry weight of the larvae receiving the PPBS was very low 

compared to the larvae receiving the reference diet (Fig. 4 A). The 

difference in final weight was not proportional to the difference in 

content of nutrients of the PPBS and reference diet (Table 2 in Paper I), 

which indicates that the nutrients in PPBS are not readily available to 

the larvae. Lignocellulosic feed media is known to be difficult for the 

BSFL to utilize because of the content of crude fibre [51]. As the PPBS 

is of plant origin and contain fibres, it is possible that low availability 

of the PPBS nutrients contributes to the low prepupae weight.  

The lack of substantial weight gain both when reference diet leachate 

was mixed into the sludge and administered as free liquid surface 

indicates that other factors than low nutrient availability such as 

pathogens, toxins and heavy metals may also be growth-inhibiting to 

the larvae. 
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Figure 4 Prepupae dry weight (A), survival rate (B), bio-conversion rate (C). 

The error bars represent the standard deviation. The text under the bars 

explains the type of substrate used and liquid added. Bars marked with the 

same letter do not differ significantly. 
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The fact that larvae survival rates (Figure 4 B) increased significantly 

when reference diet leachate was added to the PPBS directly and even 

more when added as free liquid surface opens up possibilities for 

further research on how to optimize conditions for possible co-

digestion of the PPBS substrate. 

The inhibitive impact on larvae dry weight and survival rate could be 

explained if either harmful bacteria, viruses and toxins like pesticides 

and heavy metals or a combination of these are present in the PPBS 

[55]. 

The nutrients in PPBS are not readily available to the BSFL. The 

lignocellulose in the PPBS is recalcitrant to digestion thus unavailable 

to the BSFL. Simple manipulations such as adding reference diet 

leachate (nutrient solution) mixed into the PPBS or as free liquid 

surface did not significantly increase larvae weight gain or 

bioconversion rate (Figure 4 C). This indicates the presence of 

inhibiting organisms (bacteria, viruses) or substances (pesticides, 

heavy metals). However, addition of extra nutrients had a significant 

effect on larvae survival rates. 

The obtained results motivate exploration of pre-treatment methods of 

PPBS to improve the nutritional availability, reduction of inhibiting 

organisms and substances as well as co-digestion with other substrates. 

5.2 Rearing on pre-treated PPBS 
5.2.1 Introduction to pre-treatment methods 

The purpose of pre-treating the PPBS was to improve the nutrient 

availability. Nutrient availability can be improved in several ways: 

reducing the content of lignin and hemicelluloses; increasing 
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accessible surface area; reducing the crystallinity of cellulose; 

increasing porosity or altering lignin structure [56]; conversion of 

inorganic minerals into organic substances; conversion of 

carbohydrates, proteins and lipids into more palatable and nutritious 

forms; destruction of antinutrients; increasing total sugars; denaturing 

protease inhibitors; sterilizing; denaturing enzymes; altering the 

characteristics of lipoprotein and glycoprotein [44] and size reduction 

[44, 57]. 

Examples of technologies for improvement of nutrient availability are: 

physical pre-treatment; extrusion; flash sterilization [44]; heat [58]; 

chipping; grinding; milling [56, 57]; irradiation by gamma rays, 

electron beams and microwaves [56]; chemical pre-treatment; alkali pre-

treatment [56, 58]; acid pre-treatment; ionic liquids [56]; physio-chemical 

pre-treatment; steam explosion; hydrothermal pre-treatment; ammonia 

fibre explosion; supercritical CO2 pre-treatment [56]; biological pre-

treatment; fermentation [44, 50, 59]; brown/white/soft-root fungi [56, 

58]; enzymatic pre-treatment [56] and bacteria [58, 60]. 

Lignocellulose is recalcitrant to digestion thus pre-treatment is needed 

to increase nutrient availability. The pre-treatment aims at hydrolysing 

lignocellulose and releasing the saccharides that cellulose and 

hemicellulose consist of thus making them available for the digestive 

system of the BSFL. The pre-treatment of lignocellulose unfortunately 

releases substances inhibiting to microbes [61] such as those present in 

the digestive system of BSFL. Examples of those substances are Furans, 

Phenols [62] and organic acids such as carboxylic acid, acetic acid and 

aliphatic acid [61]. 
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Pre-treatment by fermentation 

Turning of low value feed or waste into high value, nutritious feed for 

insects by fermentation has been suggested by Cohen, A.C [44]. There 

are many examples of fermentation in the food industry e.g., 

fermentation of yogurt, and soy by yeast and/or bacteria to convert 

inorganic minerals and simple sugars into more palatable and 

nutritious forms and at the same time reduce antinutrients and 

increasing digestibility. Fermentation was therefore selected as pre-

treatment of PPBS for the second experimental run. 

There are a few published papers on rearing insects on fermented feed. 

Isibika et al. [58] tested fermentation of banana peel to improve 

nutrient availability to BSFL. Gao et al. [59] used four types of 

fermented straw to investigate the order of the most important 

fermentation factors affecting the fresh weight of BSFL. Pang et al. [63] 

used a mix of fermented pig manure and rice straw to study the effect 

of volatile fatty acids (VFA) on BSFL biomass accumulation. Lim et.al. 

[64] used a mix of self-fermented coconut endosperm waste and 

soybean curd residue. Wong et al. have studied bioconversion of 

fermented coconut endosperm waste in several ways: as fermented ex-

situ by bacteria [65, 66]; as fermented in-situ by yeast [67] and 

fermented by fungi in-situ as well as ex-situ [68]. However, to the best 

of our knowledge, there are no published results on the use of 

fermented PPBS as feed for BSFL. 

Hydrothermal pre-treatment 

There are several potential benefits of applying heat to PPBS in 

addition to hydrolysing lignocellulose: destruction of allergens [69], 

toxins (especially macromolecular toxins), antinutrients (lectins), 

digestive inhibitors and enzyme inhibitors as well as killing of 
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pathogens and microbial competitors, increasing protein digestibility 

and increasing flavours [44].  

The current understanding on the impact of hydrothermal pre-

treatment of feed is that it can have both a positive and negative impact 

on feeding. The positive impacts that have been reported are: 

reduction of feed waste, increased feed intake and reduced energy 

requirements for ingestion [69]. Furthermore, hydrothermal pre-

treatment of feed improves the digestibility of starch for pigs but 

reduces it for poultry [69]. Altogether, the impact on the feed 

properties of heat treatment is ambiguous but the potential reduction 

of the large number of toxins and inhibiting substances eventually 

present in PPBS (accounted for in section two) motivates assessment of 

hydrothermal pre-treatment of PPBS. 

5.2.2 Increasing the nutrient availability by 
fermentation (Paper II) 

The failure to obtain growth of the BSFL in the initial experiments and 

the PPBS content of recalcitrant lignocellulose encouraged us to apply 

pre-treatment of the PPBS in the second rearing trial. The purpose was 

to assess if fermentation of PPBS could improve PPBS nutrient 

availability and PPBS feasibility as feed for BSFL by increasing content 

of sCOD and volatile fatty acids (VFA). 

The result shows that fermentation partly dissolves PPBS and 

increases content of sCOD (Table 3). However, a major part of the 

sCOD might come from the inoculum. The sCOD produced from 

fermentation of PPBS only at the initial pH is low compared to the 

sCOD that is produced from the inoculum alone. It is possible that this 

relationship remains also at pH 8 and 10. A reasonable explanation for 

the low sCOD from PPBS is the high content of recalcitrant 
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lignocellulose in PPBS. Surface cellulose in the primary and secondary 

cell wall hydrolyses but the gradual dissolution of these cell walls 

increases the fraction of lignin that is exposed. The lignin is recalcitrant 

to biodegradation thus the rate of the hydrolysis slows down and 

finally stops and therefore a major part of the lignocellulose remains 

undissolved [70].  

Table 3 Concentration of soluble chemical oxygen demand (sCOD) in the 

liquid phase after centrifugation of the sludge at the end of the experiments. 

sCOD values marked with the same lowercase letter do not differ significantly. 

PPBS = pulp and paper bio-sludge. (n=3) 

Temperature 

(°C) 

pH sCOD 

PPBS without 

inoculum 

(g sCOD L-1) 

sCOD  

PPBS with 

inoculum 

(g sCOD L-1) 

sCOD 

inoculum 

only 

(g sCOD L-1) 

35 

Initial 

(control) 

0.7 ± 0.0 a  2.4 ± 0.0 b 

8 0.6 ± 0.0 a 3.0 ± 0.6 b  

10 1.3 ± 0.0 a 15.1 ± 0.9 e  

55 

Initial 

(control) 

0.9 ± 0.0 a  3.7 ± 0.7 c 

8 1.0 ± 0.0 a 5.7 ± 0.1 d  

10 1.1 ± 0.1 a 15.3 ± 0.4 e  

The samples with the two highest sCOD values (pH 10, 35°C and 55°C 

with inoculum) were selected for VFAs analysis (Figure 5). Pang et. al. 

fed BSFL with a feed enriched with VFA solution to improve growth 

of the larvae. A VFA concentration of 26 g L-1 produced the heaviest 

larvae [63]. Although the VFA concentration was low in our case, we 

still set up the second rearing experiment to further test the potential 

of fermentation as a pre-treatment method. 



 

30 

 

Figure 5 Speciation and corresponding concentration of different volatile fatty 

acids (VFA) produced during the fermentation of pulp and paper bio-sludge 

at initial pH 10 with inoculum at 35°C and 55°C (n=3) 

5.2.3 Rearing on fermented pulp and paper bio-sludge 
(Paper III) 

Rearing of BSFL on both sediment and liquid from fermented PPBS 

was done. The higher bioconversion of the liquids compared to the 

sediments (Figure 6 B) shows that the dissolved nutrients in the liquids 

are more readily available than the non-dissolved nutrients in the 

sediments (although insufficient to promote larvae growth). 
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Figure 6 Results. Prepupae dry weight (A), PPBS bioconversion (B). The 

error bars represent the standard deviation. The text under the bars explains 

the type of substrate. Bars marked with the same lowercase letter do not differ 

significantly. PPBS = pulp and paper bio-sludge. n = 3 

It is reasonable to assume that fermentation dissolves part of the PPBS, 

makes nutrients available that are otherwise unavailable, and thus 

increases digestibility. On the other hand, the bulk of the matter 

remains undissolved, and most of the nutrients are therefore 

unavailable to the larvae [70]. Thus, a low bioconversion of the 

sediment occurs. However, the weight of the larvae (Figure 6 A) 
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receiving both sediment and liquid from fermented PPBS was as low 

as for those receiving untreated PPBS thus it is reasonable that the 

obtained VFA concentration (Table 4) was not sufficient to produce 

heavier larvae.  

Table 4 Concentration of glucose, fructose, saccharose, lactose, maltose, 

galactose, mannose and ribose and volatile fatty acids in sediment, liquid and 

untreated pulp and paper bio-sludge (PPBS). Numbers within parentheses 

represent standard deviation. Values marked with the same letter do not differ 

significantly. n = 3 

Material Value 

Content of all sugar in untreated PPBS (g/100g) <0.04 

Content of all sugar in sediment from PPBS fermented at 35 C 

(g/100g) 

<0.04 

Content of all sugar in sediment from PPBS fermented at 55 C 

(g/100g) 

<0.04 

Volatile fatty acids in untreated PPBS (g/l) <0.09a  

Volatile fatty acids in liquid from PPBS fermented at 35°C (g/l) 2.0±0.2b  

Volatile fatty acids in liquid from PPBS fermented at 55°C (g/l) 2.8±0.3c 

Possible reasons for the lack of growth may be the high content of 

recalcitrant lignocellulose as well as substances that are growth 

inhibitory and that such substances still persist in sediment and liquid 

after fermentation. Another factor that may affect PPBS nutrient 

availability is texture [44]. Nyakeri et al. [71] observed that mixing 

faecal sludge with coarse textured food waste increased prepupae 

yield compared to mixing it with fine textured brewer’s waste. The 

authors argue that a coarse texture facilitates larvae movement, 

allowing them to seek food, thereby improving prepupae yield. It is 

reasonable to assume that the fine texture of fermented PPBS impedes 

movement of the larvae and access to food, thus contributing to low 

nutrient availability.  
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The partial success of rearing BSFL on fermented PPBS raised further 

questions on the potential of improving nutrient availability. However, 

the experiences from rearing BSFL on untreated and fermented PPBS 

(Paper I-III) show that in addition to recalcitrant lignocellulose it is 

reasonable that also pathogens, antinutrients and texture contribute to 

inhibiting growth of the BSFL thus a more comprehensive approach to 

pre-treatment is needed. 

5.2.4 Rearing on hydrothermally pre-treated pulp and 
paper bio-sludge (Paper IV) 

The purpose of the third experimental run was to evaluate the effect of 

hydrothermal pre-treatment of PPBS on nutrient availability and 

growth of the BSFL. The intention was to mitigate both the 

recalcitrance of lignocellulose as well as reducing pathogens, 

competing microbes, and antinutrients while compensating absent 

nutrients in PPBS and providing a porous texture by mixing PPBS and 

reference diet in a 50/50-volume-% ratio. 

The higher weight of the larvae fed a diet mix containing PPBS pre-

treated at 160 °C for 120 minutes compared to the larvae fed a diet mix 

containing untreated PPBS (Figure 7 A) shows that hydrothermal pre-

treatment of PPBS improves its feasibility as feed for the larvae. The 

diet bioconversion and reduction were improved as well (Figure 7 B 

and 8 A). The survival rate was not affected (Figure 8 B). Reduction of 

competing or pathogenic microbes is one potential factor contributing 

to the improved weight of the larvae. It is reasonable that the 

hydrothermal pre-treatment sterilized the PPBS, and thus prevented 

the negative impact (toxicity, noxious tasting feed, disease and 

reduced nutrient availability [44]) otherwise caused by the microbes. 

This explains a part of the difference in weight between the larvae fed 
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a diet mix containing hydrothermal pre-treated PPBS and those fed a 

diet mix containing untreated PPBS. 

 

Figure 7 Larvae dry weight (A), diet bioconversion (B). The error bars 

represent the standard deviation. The text under the bars explains the type of 

substrate. All diets were a mix of 50 volume-% PPBS and 50 volume-% of 

reference diet except for the reference trial that used 100% reference diet. Bars 

marked with the same lowercase letter do not differ significantly (p = 0.05). 

Temperature represents pre-treatment temperature. Min = duration of pre-

treatment in minutes. PPBS = pulp and paper bio-sludge. n = 3 
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Figure 8 Diet reduction (A), larvae survival rate (B). The error bars represent 

the standard deviation. The text under the bars explains the type of substrate. 

All diets were a mix of 50 volume-% PPBS and 50 volume-% of reference diet 

except for the reference trial that used 100% reference diet. Bars marked with 

the same lowercase letter do not differ significantly (p = 0.05). Temperature 

represents pre-treatment temperature. Min = duration of pre-treatment in 

minutes. PPBS = pulp and paper bio-sludge. n = 3 

A second explanation of the increased weight of the larvae fed a diet 

mix containing PPBS pre-treated at 160 °C in 120 minutes compared to 

the larvae fed a diet mix containing untreated PPBS is increased 
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availability of nutrients caused by hydrolysis of lignocellulose. In this 

study the content of hemicellulose in both the untreated and pre-

treated PPBS was measured (Figure 9). The decreasing content of 

hemicellulose indicates that hydrolysis of lignocellulose occurs. It is 

reasonable that the hydrothermal pre-treatment of PPBS hydrolyze 

lignocellulose, disrupts the cell walls, releases cell content and 

improves nutrient availability thus increasing the final weight of the 

larvae. 

 

Figure 9 Concentration of hemicellulose in the diets. The text under the bars 

explains the type of substrate. All diets are a mix of 50 volume-% PPBS and 

50 volume-% of reference diet except for the reference trial that used 100% 

reference diet. Temperature represents pre-treatment temperature. Min = 

duration of pre-treatment in minutes. PPBS = pulp and paper bio-sludge.  

n = 1 
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6 Discussion 

6.1 Valorization of PPBS 

The ranking procedure aimed at finding circular valorization methods 

with high potential in the mid-range of technology readiness level. The 

valorization of PPBS into protein has a strong economic driver, is 

among the most circular valorisation methods identified in this study 

and although, not a mature technology available “on the shelf”, not 

either totally unexplored. The use of the economic driver in the 

ranking moves the focus to recovery of high value resources (in this 

study it is protein, Figure 3). In contrast, if the ranking applied only the 

technology readiness level and not the economic driver, the most 

mature technologies would have the highest ranking and the 

technological path dependence would prevail. 

Both the ranking of the valorization methods and the ranking of 

resources, point to recovery of protein as the most feasible recovery 

method for valorization of PPBS. However, the technical barriers to a 

functioning bioconversion of PPBS into animal feed by BSFL was not 

considered. The main difficulty is to anticipate the growth and survival 

rate of the BSFL. The growth and survival of the BSFL depend on the 

degree of nutrient availability and the effect of inhibiting substances 

such as pathogens, pesticides and heavy metals. In addition, a 

successful valorization of PPBS from one mill don’t guarantee a 

successful valorization of PPBS from another mill, because of the 

heterogeneity of PPBS among the pulp and paper mills. There are a 

large number of causes to the heterogeneity of PPBS from different 

pulp and paper mills: use of different tree species (fir, birch, mixes of 

fir and birch), different pulping processes (thermo-mechanical, 

groundwood pulp, kraft pulping, sulphite pulping), and the 
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wastewater treatment can have different designs thus resulting in the 

PPBS having different characteristics. Other factors providing 

uncertainty in anticipating growth and survival of BSFL are related to 

time: production of different pulp qualities over time, seasonal 

variations in PPBS caused by the use of growing summerwood or 

dormant winter wood (varying cell wall thickness, bleachability and 

yield, content of extractives, cellulose and lignin) [72] as well as 

technological modification in the pulping or wastewater treatment 

processes. Variation of market value of resources and technological 

development provide uncertainty on the validity of the ranking over 

time. 

The top-down perspective applied in the ranking method was 

complemented with a bottom-up perspective intended to assess the 

practical feasibility of valorizing PPBS into animal feed by BSFL. 

6.2 Rearing trials 

The low weight of the larvae obtained in the initial experiments and 

the lack of improvement by addition of nutrients as well as the 

indication of several problematic factors such as: PPBS content of 

recalcitrant lignocellulose, pesticides, heavy metals and pathogens 

makes it clear that BSFL can’t grow and develop when reared on 

untreated PPBS. In addition, simple measures like addition of water 

and reference diet leachate don’t change the PPBS into a feasible feed 

for BSFL.  

This raises the question on how this problematic waste fraction can be 

valorized in the circular economy. There are at least two options: trials 

of multiple insect species to find a specie that can be successfully 

reared on untreated PPBS or trials of pre-treatment of PPBS to improve 
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its feasibility as feed for BSFL. The second and third trial focused on 

rearing of BSFL on pre-treated PPBS. 

Fermentation dissolved a part of the PPBS and the dissolved fraction 

was easily bio-convertible by the BSFL. However, most of the PPBS 

remained undissolved and the growth of the BSFL did not improve. 

The absence of improved growth when rearing BSFL on fermented 

PPBS compared to the initial rearing trial indicates that the PPBS 

constitutes a complex challenge for the BSFL to feed on. Thus a more 

comprehensive approach is needed to improve the feasibility of PPBS 

as feed for BSFL. The experiences from the work with Paper I-III show 

that in addition to low nutrient availability (due to recalcitrant 

lignocellulose and antinutrients) it is reasonable that also heavy metals, 

pathogens, pesticides and texture contribute to inhibiting growth of 

the BSFL. All bottlenecks need mitigation to enable substantial growth 

of the BSFL thus the hydrothermal pre-treatment in the third 

experimental run aimed at reducing pathogens, pesticides and 

antinutrients as well as hydrolysing lignocellulose thereby improving 

nutrient availability. In addition, this included complementing PPBS 

with missing nutrients and modifying the texture. 

Hydrothermal pre-treatment of PPBS improves its feasibility as feed 

for BSFL by reducing microbial occurrence and increasing nutrient 

availability by hydrolysis of lignocellulose thus improving the growth 

of the larvae which leads to increased weight. A pre-treatment 

temperature of 160 °C for 120 minutes produced the heaviest larvae. 

Both the bioconversion and the reduction of the PPBS mix were 

improved as well.  

The results show that valorization of PPBS into animal feed by BSFL is 

possible. However, the technical difficulties in rearing BSFL on PPBS 
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was substantial. There are several factors impeding BSFL growth. The 

addition of reference diet leachate in the initial trial and partial 

dissolution of PPBS in the fermentation trial address only one factor 

each, thereby failing to adequately improve BSFL growth. In contrast, 

hydrothermal pre-treatment and addition of reference diet address all 

known or reasonable causes of low growth and improve the PPBS 

feasibility as feed for BSFL, thus obtaining sufficiently improved BSFL 

growth. In addition, it is worth noticing that the weights of up to 26 

mg for larvae that received hydrothermally pre-treated PPBS was 

obtained after 8 to 10 days in contrast to the weight of 65 mg after 16 

days for the larvae that received 100 volume-% reference diet in the 

first rearing trial. It is reasonable that the larvae that received pre-

treated PPBS would weigh close to the weight of the larvae that 

received reference diet if the trial would have continued to the 16th day. 

This, further highlight the potential of hydrothermal pre-treatment for 

valorising PPBS into animal feed. 

6.3 Reflexions on supply chain risks 

The discussion below aims at contributing to the understanding of 

problems related to the supply chain barrier. Three aspects are 

considered: 

• Variability over time of PPBS supply and quality. 

• Opposing interests among supply chain actors on how 

downstream waste should be managed. 

• Risks related to deficient alignment among supply chain actors 

on waste management priorities: The inconsistency of the waste 

hierarchy and the value pyramid of biomass. 
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For a smooth implementation and operative phase of circular economy 

in PPBS management it is beneficial if potential obstacles in the 

operative phase can be assessed as early as possible. An issue 

potentially effecting the operative phase of the PPBS valorization chain 

is changes over time in PPBS quality. Variation in PPBS quality could 

have a substantial effect on BSFL yield and quality. Multiple providers 

of PPBS could have a levelling effect on the PPBS quality, thus 

mitigation by inclusion of multiple pulp and paper mills should be 

considered for minimizing disturbances in production, discarded 

product and reduced revenues. However, there are large differences in 

PPBS quality among pulp and paper mills as well (described in section 

6.1). The BSFL may respond differently to each of them, thus including 

PPBS from other paper mills require further research on its effect on 

BSFL quality, waste reduction and bioconversion. 

Another risk factor is related to the amount of waste available and 

timing. In the rearing trial with hydrothermal pre-treated PPBS we 

used a mix of alfalfa pellets, wheat bran and maize as a nutrient 

additive to the PPBS. However, this mix increases the cost of 

production. It is beneficial for both sustainability and profitability to 

replace it with waste with zero or even a negative economic value. 

Current European Union legislation allows use of material of vegetal 

origin as feed for insects. Material of animal origin is prohibited (e.g., 

slaughterhouse waste, manure, dairy, fish offal). However, there are 

some exceptions to the prohibition. The following fractions are 

allowed as feed for insects: milk, eggs, honey, rendered fat and blood 

products from non-ruminant animals [73]. However, including one 

more or several waste suppliers to the PPBS value chain increases the 

risk that the supply of waste won’t meet the demand. If the waste is 

critical to the PPBS valorization its generation must be well 
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synchronized to the need of the PPBS valorization (or easily 

warehoused) to minimize the risk of supply failures. 

An issue affecting how the circular supply chain will be achieved is 

what is decided on how downstream waste fractions should be 

managed (Figure 10). If both the pulp and paper industry and the food 

industry feed in waste to the BSFL production, how should the waste 

generated in animal feed production, meat production and meat 

consumption be managed? One option is to use the production waste 

for BSFL production after hydrothermal pre-treatment.  

 

Figure 10 A circular supply chain for valorizing PPBS into animal feed by 

BSFL. PPBS = Pulp and paper bio-sludge. BSFL = Black soldier fly larvae. 

However, other options can be considered such as: fermentation for 

production of biogas either in a fermenter common for the supply 

chain or separate for each production facility or valorization into 

higher valued chemicals. Should the municipal sewage treatment 

sludge containing the residues from meat consumption be used as 

fertilizer in the forest (as displayed in Figure 10) or should it be used 

in the same way as the production and consumption waste? Opposing 

interests among the supply chain actors are detrimental to supply 

chains and competition about downstream waste and uncertainty on 
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its management could discourage the efforts needed to develop 

circular economy-solutions for PPBS. Therefore, it is clear that 

dependency among the supply chain actors is a major concern and 

cooperation among them would facilitate the implementation of the 

circular economy.  

The cooperation among the supply chain actors depends on a shared 

understanding of the basis for the supply chain. The cost of 

environmental impacts is a part of that basis. Including the cost for 

environmental impacts when deciding on resource acquisition and 

waste management is needed for improving the sustainability of the 

supply chain. If the supply chain actors apply different pricing of the 

environmental impacts, this could lead to the supply chain actors 

taking different decisions thus impairing the conditions for the supply 

chain stability. In contrast, all supply chain actors applying the pricing 

equally would increase the chance that the decisions by the individual 

value chain actors benefit the value chain as a whole. In addition, 

applying a correct pricing of the environmental impacts would help 

minimizing the environmental impacts. 

The dependencies in an extended PPBS valorization chain are 

displayed in Figure 11. The lipid and protein fraction of the BSFL have 

been extracted and valorized separately. The faecal matter and feed 

remaining’s after rearing of BSFL (frass) have been valorized as 

fertilizer.  
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Figure 11 The complexity of the PPBS valorization chain and its dependencies. 

Frass, faecal matter and remaining feed after rearing of BSFL. PPBS, Pulp 

and paper bio-sludge. BSFL, Black soldier fly larvae. 

Discussing the governing models for waste management shed further 

light on dependency and need of cooperation among the supply chain 

actors. Currently there are at least two models guiding waste 

management, the waste hierarchy [74] and the value pyramid of 

biomass [20] (Figure 12). The aim of the value pyramid of biomass is to 

maximize the value of the waste which is a core interest of the supply 
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chain valorizing the PPBS. In contrast, the aim of the waste hierarchy 

is to prevent waste in the first hand, taking priority over reuse and 

recycling. This is an inconsistency between these two models and 

problems arise if they both are applied in the PPBS valorization chain. 

If the paper mill supplying the PPBS to the PPBS valorization chain, 

apply the waste hierarchy as the governing model and change their 

waste management priorities from recycling to prevention, the BSFL 

producer would have to find a replacement for the PPBS or the animal 

feed producer would be forced to find a replacement for the BSFL. If a 

replacement can’t be found the dependence on PPBS is critical. It is 

clear that alignment of the PPBS producer and the BSFL producer with 

respect to waste management priorities and governing model would 

improve trust and predictability thus favouring stability of the PPBS 

valorization chain.  

 

Figure 12 The waste hierarchy [72] (A) and The biomass value pyramid 

(adapted from Hoek et. al. [20]) (B) 

Another risk for the supply chain is difficulties in managing animal 

welfare. Efficient and reliable procedures have to be developed that 

meet legal requirements. However, assessing the health status for the 

BSFL in a production facility is challenging both because of their 

large number (hundreds of thousands), their small size (2 – 20 mm) 

and lack of scientific evidence on insect well-being [75].  
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6.4 Further work 

The valorization of PPBS into animal feed by BSFL still needs further 

research effort before it can be implemented commercially. The 

following aspects need further assessment: 

• Development of a ranking procedure for valorization methods 

that anticipate the technical difficulties and supply chain risks 

related to implementation of circular economy-solutions to 

waste management problems. 

• Improving the rearing process with respect to e.g., carbon to 

nitrogen ratio and pH and feeding rates to obtain higher 

bioconversion rate. 

• The pre-treatment of PPBS should be optimised with respect to 

temperature, time, and destruction of inhibiting substances. 

• The role of PPBS texture and specific heavy metals, pesticides, 

bacteria and viruses in rearing BSFL. 

• The potential in breeding of BSFL to develop a new strain with 

traits that enable improved growth.  

• Studies of environmental impacts e.g., life cycle assessment 

(LCA). 
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7 Conclusions 
Ranking of valorization methods for pulp and paper bio-sludge (PPBS) 

were successfully performed based on assessment of technology 

readiness level, degree of circularity, PPBS characteristics and 

economic drivers (a top-down perspective). However, the ranking 

procedure did not include the technical difficulties in rearing black 

soldier fly larvae (BSFL) on BBPS, the value of the actual recovered 

protein or the risks related to implementation and operative phase of 

the PPBS valorization chain. The ranking of valorization methods for 

PPBS is complex and it is beneficial to complement it with a bottom-

up assessment based on practical experiments. 

Valorization of PPBS by BSFL is a promising novel method for 

recycling of nutrients and improving resource efficiency. However, the 

nutrients in PPBS are not readily available to the larvae. Simple 

manipulations such as adding extra nutrients (leachate) mixed into the 

PPBS or as free liquid surface did not significantly increase larvae 

weight gain or the bioconversion rate. It is clear that low nutrient 

availability (caused by recalcitrant lignocellulose, antinutrients), toxins 

(pesticides, heavy metals) as well as pathogenic and/or competing 

microbes inhibit growth of BSFL. As such, pre-treatment of PPBS is 

needed to improve its feasibility as a feed for BSFL.  

Pre-treatment of PPBS by fermentation dissolves a part of the PPBS and 

dissolved substances in the fermentation liquid are readily converted 

into larvae biomass. However, the bulk of the lignocellulose is not 

dissolved, thus most of PPBS nutrients remain unavailable for growth 

of the larvae. The BSFL did not grow well and pre-treatment of PPBS 

by fermentation did not increase their weight or PPBS reduction rate.  
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Hydrothermal pre-treatment of PPBS improves the feasibility of PBBS 

as feed for BSFL by reducing microbial occurrence and increasing 

nutrient availability thus improving the growth and weight of the 

larvae. A pre-treatment temperature of 160 °C for 120 minutes 

produced the heaviest larvae.  

However, the bioconversion of the PPBS hygienized at 70 °C for 60 

minutes was as high as for the PPBS hydrothermally pre-treated at 

180 °C for 60 minutes. If hygienization would be as effective as 

hydrothermal pre-treatment large energy savings could be made for 

the pre-treatment of the PPBS. 
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