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Kliaugaitė, D.; Budrys, R.P. Industrial

Symbiosis for Optimal Bio-Waste

Management and Production of a

Higher Value-Added Product.

Processes 2021, 9, 2228. https://

doi.org/10.3390/pr9122228

Academic Editor: Antoni Sánchez

Received: 22 November 2021

Accepted: 8 December 2021

Published: 10 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institute of Environmental Engineering, Kaunas University of Technology, Gedimino St. 50,
LT-44239 Kaunas, Lithuania; irina.kliopova@ktu.lt (I.K.); daina.kliaugaite@ktu.lt (D.K.);
rimas.budrys@ktu.edu (R.P.B.)
* Correspondence: edgaras.stunzenas@ktu.edu; Tel.: +370-626-88384

Abstract: A considerable amount of food waste ends up in centralized treatment plants due to the
lack of preventive measures, resulting in significant environmental impacts. Hospitality food waste
management is even more resource-intensive because of animal by-products regulation. According
to this regulation, companies must store and then consign waste to specific waste managers. The
extensive need for transportation of high-moisture-content materials is the leading cause of the
impact. Moreover, the management of category III animal by-products is costly for companies. A
previous study has shown the economic benefits of decentralized animal by-product treatment by
intensive composting in catering companies. Although the produced compost was characterized by
exceptional quality parameters, it was phytotoxic. The investigation of hospitality waste management
is scarcely discussed among scholars, and waste management on a regional scale is nearly absent. This
study examines the regional management of hospitality food waste by exploiting the municipal waste
management infrastructure and intensive composting at the source. The co-maturation experiment
with animal by-products and municipal green waste primary composts showed that the phytotoxicity
parameters of the cured compost were in the optimal range or below the thresholds (conductivity
(1.1 mS cm−1), dissolved organic carbon (82 mg kg−1), and NH4

+/NO3
− ratio (0.0027)). Additionally,

the amounts of total nitrogen, water-soluble nitrogen, and water-soluble phosphorus in the compost
were rated as very high. Finally, inventory and environmental impact analysis of the current and
planned management approaches showed a reduction in 12 of 18 impact categories.

Keywords: animal by-products; intensive composting; industrial symbiosis; catering; compost
quality parameters; hospitality; life cycle assessment; life cycle inventory

1. Introduction

Food waste (FW) is a major concern, and its quantity will most likely increase in
parallel with population growth. The Food and Agricultural Organization of the United
Nations (FAO) has forecasted that by 2050, food production will increase by over 70 % to
feed 9.1 billion people [1]. This growth would definitely result in a substantial generation
of FW, considering that nearly one-third of food is currently wasted [2]. Additionally, as
the Boston Consulting Group states, this wastage could increase from 1.6 to 2.1 billion
tons by 2030 if the current tendency does not change [3]. Although FW prevention is
most preferable, only avoidable FW streams can be addressed, which represents 64% of
the total FW [4]. Therefore, there is a need for conventional but sustainable end-of-pipe
treatment methods.

In this regard, the hospitality sector has the potential for more sustainable management
of unavoidable FW. For instance, in the European Union (EU), hotels, restaurants, cafeterias,
and other examples in the hospitality sector generate approximately 12 million tonnes
of FW annually [5]. However, kitchen waste of catering companies is no longer referred
to as FW; instead, according to Regulation (EC) No. 1069/2009 (Animal By-products
regulation) [6], the waste is now entitled as Category III animal by-products (ABPs).
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Because Category III ABPs can increase the spread of contagious diseases, this waste must
be managed in accordance with the health rules presented in Commission Regulation (EU)
No 142/2011 [7]. According to these rules, catering companies must separate and store
FW in refrigerators under specific conditions before the ABP manager transfers them for
further treatment. This ABP management causes increased environmental impact due
to electricity consumption for refrigerating and the frequent transportation of ABPs that
contain considerable moisture content and is also expensive for a catering company [8].

Kliopova et al. (2019) indicated that costly ABP management could be avoided by
adopting intensive composting equipment. Such an approach would avoid costly ABP
management services and significantly reduce the environmental impact. Additionally,
the resulting product was characterized by outstanding quality parameters (e.g., organic
matter (OM) [85% of dry matter (DM)], water-soluble N (840 ppm), P (2089 ppm), and K
(15,875 ppm)), trace amounts of heavy metals, and practically no microbiological contami-
nation [8]. However, the primary compost contained an abundance of SO4

2− (2800 ppm as
received) and Cl− (11,300 ppm as received) anions, which are toxic to plants at high con-
centrations (>300 ppm) [9]. These anions are a part of the total conductivity (5.89 mS cm−1),
which was significantly higher than the threshold limit of 4 mS cm−1 [10]. Furthermore,
the primary compost stability, expressed as the concentration of dissolved organic car-
bon (DOC, 87,264 mg kg−1), was far from that of mature compost (<4000 mg kg−1) [11].
Moreover, the sole maturation of the primary FW compost for one month did not help to
stabilize the parameters (Kliopova et al., 2019). The compliance of SO4

2−,Cl−, conductivity,
and biodegradability values with corresponding thresholds is crucial for safe agricultural
application; therefore, additional measures to control these parameters are needed [12].

As the produced primary ABP compost is characterized by outstanding nutritive
properties, it can be considered as an amendment for low-quality green waste compost
(GWC). The GWC often contains minor quantities of N (0.5–1.5% DM), P (0.1–0.2% DM),
K (0.4–0.8% DM) [13], and OM (between 8.5 and 28.6% DM) [9]. Poor compost quality is
a problem because the majority of countries have established limits for quality compost,
and if the produced compost does not comply with the limits, it is considered a waste. For
instance, in Lithuania, compost produced from GW and FW must contain more than 25%
DM of OM, and the sum of total N (TN), P2O5, and K2O must be over 2.5%. Similarly, the
Canadian standard for certification requires compost to contain more than 0.7, 0.5, 0.75,
and 20% of N, P, K, and OM, respectively, to be classified as quality compost [14]. For this
reason, it is important to meet requirements to utilize products in the market.

This study investigates the possibility of improving the environmental and economic
performance of catering Category III ABP management in a region by applying industrial
symbiosis compared to conventional ABP management. The industrial symbiosis approach
was chosen because the municipal GW stream can be incorporated into the system to
optimize compost quality and increase the amount of higher value compost production.
Interestingly, in this study, the GW was not exploited as a co-substrate, as typically found
in other studies [15]; however, the authors suggest the use of already produced GW
primary compost, which is an abundant material in municipal GW composting sites [16].
The addition of ABPs primary compost to GW primary compost would increase the
concentration of important nutrients and OM in the maturated mixture, thus increasing the
price of the final product. As poor nutrient concentration is considered one of the reasons
for reduced compost usage, the addition would promote a more extensive application of
compost in agriculture, reducing environmental impacts [17].

In general, researchers agree that FW management in the hospitality sector is scarcely
documented in the scientific literature [18]. Moreover, most of the studies are focused
on the management of avoidable FW [18]; these studies mostly consider preventative
measures [19]. To the authors’ knowledge, the combination of the management of unavoid-
able hospitality FW following ABP regulation, the principle of industrial symbiosis, and
exploitation of existing municipal GW management systems has not been addressed by
other researchers.
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The main objectives of this study are as follows:

1. Conduct primary ABP compost production experiments in three catering companies,
investigate quality parameters, and select one for further analysis;

2. Perform maturation experiments of selected ABPs and GW primary composts and
analyze quality parameters of the produced compost;

3. Run the life cycle inventory of the currently employed ABP composting plant in the
region and analyze the quality of the compost produced;

4. Compare the environmental performance of conventional management and sug-
gest catering ABP management approaches by applying the life cycle assessment
(LCA) method;

5. Run an economic assessment of the suggested alternative.

2. Materials and Methods
2.1. Experimental Conditions and Equipment

The experiment was performed at three Lithuanian catering companies that generated
between 25 and 35 kg d−1 (approx. 10 t y−1) of Category III ABPs (FW referred to as ABPs
according to Regulation (EC) No. 1069/2009). Two of them were kindergartens, which
had a consistent menu such as a typical restaurant; thus, at the end of a day, leftovers and
preparation waste were quite uniform because of very few different dishes. As kinder-
gartens have a very strict diet, vegetables and grains were the prevailing ingredients for
the dishes, accompanied by main entrees (meat-based) and also dairy products and fruits.
Consequently, preparation and unavoidable residues (peelings of potatoes, beets, and
carrots, banana skins, apples, etc.), and unconsumed meals comprise very homogeneous
FW streams. Conversely, the third catering company had heterogeneous FW because meals
were prepared according to the changing demands of customers. Due to differences in
FW composition and its potential impact on final product parameters, the three catering
companies were considered.

Across the catering companies, two different technologies for closed-loop intensive
aerobic treatment were utilized: the Oklin GreenGood 10s [8] and the Green Service
Bioreactor Bio-10 [20]. The three intensive automatic composting machines were installed
in each company in accordance with the requirements presented in the manuals. Oklin
equipment for exhaust air treatment uses an activated carbon filter, whereas Green Service
applies a nano-filter deodorization unit before removing the generated gas through a
ventilation system.

Both intensive composting machines are designed to treat a batch of FW in a 24-h
cycle. After the cycle was completed, the primary compost produced was removed, leav-
ing approximately 10% of the compost as an inoculum for the successive cycle. The
Oklin technology incorporates a specific microorganism strain under the brand name
ACIDULOTM, whereas Green Service uses the Ecibulo brand, which is composed of
halophilic, eosinophilic, and thermophilic germs [21]. Green Service also emphasizes
the need for the inoculum and even replenishment of microorganisms every year. Mi-
croorganisms, intensive aeration, agitation, and temperature regimes are the main factors
influencing rapid FW degradation, moisture evaporation, and mass reduction of up to
50–90%. During composting, Oklin equipment maintains temperatures above 55 ◦C, but
for 1 h, the temperature is increased to 70 ◦C to eliminate pathogens [8]. Green Service
technology follows the same pattern; during processing, the temperature is maintained in
the range of 54–56 ◦C, but at the end of the composting, the temperature is increased to
70 ◦C for 1 h.

The experiment was divided into two parts. The first part was the production of
primary composts in the three catering companies. The experiment started in June 2018,
during which 20 cycles (one cycle duration was one working day or 24 h) were conducted
in the catering companies. The first catering company transformed approximately 28 kg
per cycle (total 560 kg of ABPs per 20 cycles) to 6.72 kg (total 134.3 kg of ABPs). The
second catering company composted 14.63 kg per cycle (total 292.6 kg) of ABPs to 3.18 kg
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(total 63.5 kg). The third catering company composted 9.83 kg per cycle (total 196.5 kg)
of ABPs to 2.39 kg (total 47.8 kg) of the primary compost. In each catering company,
each batch (produced per cycle) was poured into a clean polypropylene bag and mixed
with the other simultaneously gathered batches. After completion of the 20 cycles, the
sampling procedure was performed. Three samples from the primary compost of ABPs1
were collected. Sampling was performed by taking 10 specimens from the top, middle,
and bottom locations of the collected ABPs1 primary compost in random order and then
uniformly mixing these 10 specimens to form one sample. The second and third samples
of ABPs1 were prepared in the same manner. The same sampling procedure was applied
to the primary compost of ABPs2 and ABPs3.

GW primary compost was prepared at a municipal GW composting site. The GW
primary compost production started in the first week of April 2018 and ended at the end
of July 2018. The waste available at the municipal GW composting site was used as a
substrate. After composting was completed, three samples were taken from the pile of
the primary GW compost. The samples were prepared in the same manner as the ABPs1,
ABPs2, and ABPs3 samples.

The second part of the experiment was the co-maturation of the selected ABPs and
GW primary composts in the municipal GW composting site. The experiment started at the
beginning of August 2018. The ABPs2 primary compost was selected for the second part of
the experiment because it contained higher concentrations of TN and total P (TP), and had
a more attractive visual appearance than ABPs1 and ABPs3. A total of 15% of ABPs2 and
85% of GW primary composts were mixed (by mass) and loaded into a standard open home
composting bin (V-approx. 700 L) for co-maturation. During maturation, the substrate was
thoroughly mixed at least once a week. Finally, the samples were collected after 60 days
(in October 2018) and 90 days (in November 2018) of co-maturation. All these ABPs and
GW (including the compost produced in the conventional ABP treatment plant) samples
were delivered to the agrochemical research and joint-stock company “Jurby Water Tech”
laboratories to analyze the quality parameters.

2.2. Evaluation of Mass Balance during Composting Processes

The Utena municipality (Lithuania) was chosen to assess current catering ABP man-
agement and compare it to the new approach. The most important features of the region
were the number and location of municipal GW composting sites, distance from a catering
company to ABP managers, and technology used for ABP management. The average
distance from the catering company to the municipal GW site was 15 km, whereas the
distance between the companies and ABPs managers was 50 km.

The N balance was calculated according to the study by Yang et al. (2019) [22]. These
authors found that the N loss via N2O was 0.07%, N loss via NH3 was 9.88%, N loss via
leachate was 0.38%, unaccounted N was 2.81%, and TN loss was 13.13% from the initial N
content for forced aeration systems. Similarly, N balance was assessed for passive aeration
systems [22]. In this case, the N loss via N2O was 0.09%, N loss via NH3 was 8.10%, N loss
via leachate was 5.17%, unaccounted N was 2.62%, and TN loss was 15.98% of the initial
N content.

The P balance was evaluated using the study of Iqbal et al. (2015). These authors
found that the TP loss with filtrate during composting was approximately 3% from initial
P [23]. Similarly, based on the study of Sommer (2001), the loss of total K (TK) with filtrate
was 12% from initial K [24]. CO emissions were assessed according to EMEP/CORINAIR,
whereas CH4 emissions for open (3.4 kg t−1 of waste) and closed (0.9 kg t−1 of waste)
composting were taken from the study of Boldrin et al. (2009) [25]. The heavy metal loss
was calculated considering that 2% of the heavy metals present in compost will be washed
with leachate [26].
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2.3. Life Cycle Assessment Methodology

The environmental impacts of the conventional and suggested catering ABP manage-
ment scenarios were calculated and compared using the LCA method. The ReCiPe method
at the midpoint level was used to perform the impact assessment based on ReCiPe2008 by
Goedkoop et al. (2008) [27] and an updated version ReCiPe2016 by the National Institute for
Public Health and the Environment [28]. In terms of the environmental impact categories
at the midpoint, all 18 impact categories were calculated. The LCA Ecoinvent Database
v3.6. (2019) was applied as the background source for life cycle impact analysis [29]. The
potential environmental impacts of management scenarios were calculated using the LCA
software SimaPro 9.1 [30]. The functional unit used was 10 t y−1 of the ABPs.

3. Results and Discussion
3.1. Parameters of Primary Composts

The analysis of the primary composts obtained and produced during the first part
of the experiment showed expected yet variable quality parameters (see Table 1). The
analysis of the produced ABPs1, ABPs2, and ABPs3 primary composts confirmed that
the quality parameters rely heavily on the input FW. For instance, ABPs2 and ABPs3
from kindergartens had relatively similar menus; hence, the produced primary composts
were similar as well. However, noticeable differences in NPK values between ABPs2
and ABPs3 kindergarten primary composts were observed. Regarding TN, the ABPs2
primary compost contained 2.38% DM, whereas ABPs3 had slightly less (1.92% DM),
showing that ABPs2 had more N-rich waste such as fish or meat meal residues. The
ammonification rate difference between the primary compost of the ABPs1 (518 ppm
NH4

+) and ABPs2 (1534 ppm NH4
+) was notable, but these two catering companies utilized

separate intensive composting technologies with diverse microbial communities. However,
it is possible that the inoculation procedure was disrupted, resulting in highly fluctuating
(518–1534 ppm) NH4

+ concentrations in the primary composts analyzed. Regarding the
inoculum, technology applied for the ABPs2 and ABPs3 treatments used halophiles, which
are effective under extreme conditions such as low pH (<4), high conductivity (>5 mS cm−1),
and temperature (>55 ◦C), potentially influencing the swift mineralization of biomass [31].

Because these extreme conditions are detrimental to typical composting microflora,
these microbes can easily dominate. Moreover, when the temperature was increased to
70 ◦C, pathogens and potentially the most typical composting microbes were eliminated.
For this reason, when processed, ABPs were removed from the automatic composting
machine and left at ambient temperature, and the microbial activity was significantly
reduced. As a result, the ammonification process was impeded, leading to the preservation
of NH4

+ in the compost. In addition to high temperature, forced air supply for 24 h of
batch processing also influenced the N behavior. Most of the time, the temperature was in
the range of 40–60 ◦C, which is optimum for conversion or organic N to ammonium and
inhibitory for nitrifying bacteria [32]. Therefore, NH4

+ dominated NO3
− in the primary

compost. The forced air supply may have also contributed to the NH4
+ concentration.

According to de Guardia et al. (2010), the aeration rate can considerably increase the
ammonification rate, for example, from 36.7 to 43.1% for household waste or from 52.0 to
71.4% for pig slaughterhouse sludge [33].

The pH of ABPs1, ABPs2, and ABPs3 primary composts was correlated with NH4
+

concentration. Because NH4
+ increases the pH, the highest pH was found in the spec-

imen containing the largest amount of NH4
+ (1534 ppm). As NH4

+ concentrations
decreased in ABPs3 (970 ppm) and ABPs1 (518 ppm) specimens, the pH decreased to
5.0 and 4.7, respectively.
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Table 1. Major agronomical parameters of primary GW and ABPs composts.

Quality Indicators * Primary GW
Compost

Primary ABPs1
Compost

Primary ABPs2
Compost

Primary ABPs3
Compost

E. coli **, cfu g−1 ≤1×103 ≤1×103 ≤1×103 ≤1×103

Conductivity, mS
cm−1

1.04
(1.02–1.08)

5.77
(5.70–5.81)

5.40
(5.37–5.42)

5.51
(5.47–5.55)

pHKCl
7.4

(7.3–7.5)
4.70

(4.6–4.8)
7.1

(7.0–7.1)
5.0

(4.9–5.1)

DM % 66.18
(64.13–67.21)

88.92
(86.97–91.20)

84.21
(82.08–87.04)

75.77
(72.16–78.21)

OM, % DM 18.31
(16.94–19.23)

83.22
(82.14–84.63)

88.34
(87.48–89.35)

92.89
(91.94–93.85)

TN, % DM 0.72
(0.69–0.75)

1.81
(1.79–1.84)

2.38
(2.35–2.41)

1.92
(1.86–1.98)

TP, % DM 0.71
(0.69–0.75)

0.39
(0.38–0.40)

0.65
(0.60–0.67)

0.54
(0.49–0.53)

TK, % DM 0.62
(0.59–0.64)

1.44
(1.40–1.51)

1.26
(1.23–1.28)

1.02
(1.01–1.04)

Water-soluble N,
ppm

189
(182–195)

546
(520–566)

1534
(1501–1563)

1015
(967–1045)

Water-soluble NO3
−

+ NO2
−, ppm

159
(153–164)

27.82
(25.03–31.15)

52.89
(48.21–58.01)

45.05
(40.14–47.67)

Water-soluble NH4
+,

ppm
30.39

(26.71–35.54)
518

(489–524)
1481

(1453–1505)
970

(919–998)
Water-soluble P,

ppm
53.6

(51.0–55.2)
1321

(1302–1349)
1898

(1845–1915)
1917

(1851–1966)
Water-soluble K,

ppm
854

(812–887)
10,319

(10,204–10,495)
10,745

(10,406–11,008)
11,054

(10,524–11,386)

Cl, ppm 471
(428–511)

7155
(7120–7230)

9240
(9028–9484)

9797
(9715–9887)

SO4, ppm 628
(598–662)

1820
(1773–1858)

1089
(1026–1184)

987
(976–1003)

DOC, mg kg−1 486
(446–517)

80,892
(80,506–81,508)

42,970
(42,397–43,394)

41,190
(41,024–41,386)

Bulk density, g L−1 795 688 776

Notes: * Data are reported as mean with n = 3 and the largest and lowest values in parentheses. **—Contamination
by E. coli was measured only once per sample.

The conductivity among the primary composts varied from 5.4 to 5.77 mS cm−1,
possibly contributing to extreme conditions. For example, Setia et al. (2010) stated that at a
conductivity above 5.0 mS cm−1, soil respiration declined over 50% [34], whereas other
researchers reported that the inhibitory value for microbial activity during composting
was 8 mS cm−1 [35]. In addition to inhibitory effects, the high conductivity of the primary
composts illustrates the effective release of NH4

+, P, and K from organic compounds. These
conductivity values were far from those of composts used in agriculture; for instance, Turan
(2008) stated that 2 mS cm−1 is the ideal value [36], whereas Staugaitis et al. (2016) referred
to 1.1–1.5 mS cm−1 as optimum values for stable products.

The unfinished degradation process is clearly illustrated by the abundance of DOC,
also referred to as biodegradability (compost stability). The ABPs2 (42,970 mg kg−1) and
ABPs3 (41,190 mg kg−1) primary composts had nearly identical concentrations of DOC,
whereas that of ABPs1 was twice as high (80,892 mg kg−1). All of these primary composts
exceeded the stable compost threshold of <4000 mg kg−1 by 10 to 20 times [11]. Although
the primary compost was not stable, high concentrations of DOC indicated microbial
activity [37]. In addition, Kliopova et al. (2019) reported that primary compost produced in
an intensive composting machine had relatively high concentrations of fulvic and humic
acids, which indicates that the composting process was not simple evaporation of water [8].

Water-soluble P solubilization during the treatment period was comparatively high.
The soluble P-concentration ranged from 1321 to 1917 ppm (1920–2477 mg kg−1 according
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to the bulk density). The high solubilization rate may be due to low molecular weight acids
in the total pool of DOC and the activity of P-solubilizing microorganisms [38].

The concentration of water-soluble K accumulated for 24 h was extremely high. The
water-soluble P was nearly identical in samples from the catering companies and varied
from 10,319 to 11,054 mg kg−1. K is not incorporated in organic compounds such as N
or P; instead, it is concentrated in cells in the form of salts [39]. For this reason, when
cells collapse during composting, K salts are released into the media, resulting in a high
K concentration.

In the analyzed samples, contamination by E. coli was below the limit value (see
Table 1). These results are consistent with those of a previous study by Kliopova et al.
(2019) and Pandey et al. (2016), who also indicated that closed-loop composting equipment
can produce compost without any pathogenic microorganisms [40].

The GW primary compost had typical values found across Lithuania municipal GW
composting sites [9]. Generally, the primary compost had low quantities of TN, TP, and
TK, as well as their soluble forms. In contrast to catering companies, in primary GWC, the
nitrates were dominant over NH4

+, indicating the prevalence of nitrifying bacteria.

3.2. Parameters of Cured Compost

The co-maturation of ABPs2 and GW primary composts resulted in a product with
no phytotoxic qualities (see Table 2). The conductivity (1.1 mS cm−1) was in the optimum
range, excluding the possibility of osmotic imbalance (dehydration) of a plant cell. The pH
after 60 days of maturation was 6.63, but reached 7.0 after 90 days. This is the optimal pH
because N, K, Ca, Mg, and S are more available in the pH range of 6.5–8.0, whereas P is
more available in a pH between 5.5 and 7.5 [41]. The DOC (82 mg kg−1) was significantly
lower than the threshold (<4000 mg kg−1), resulting in a very stable product. In fact, even
if the co-maturation duration was shortened, the compost stability would have met the
requirement. Cl− concentration (298 ppm), which is another parameter associated with
toxicity in plants, was also below the limit value of > 300 ppm. The SO4

2− concentration
(808 ppm) remained high, and concentrations above 300 may be detrimental for susceptible
plants [9]. However-, the concentration of sulfate (128 ppm) was reduced significantly after
90 days.

Table 2. Results of co-maturation of GW and ABPs primary composts.

Parameters for Quality
Indication

** Values for Quality
Indication

* Maturated Composts
ABPs2 + GW

Quality Assessment
of Compost (After

2 Months)After 2 Months After 3 Months

Conductivity, mS cm−1 <0.6→ > 2 1.1
(1.07–1.14)

0.9
(0.98–0.92) Medium

pHKCl <5.6→ 8.5 6.63
(6.56–6.71)

7.0
(6.9–7.1) Medium

DM, % <21→>50 58.18
(56.89–59.6)

60.35
(60.05–60.60) Very high

OM, % DM <16→ >45 20.32
(19.81–21.17)

17.30
(17.01–17.82) Low

N, % DM <0.5→ >2.0 1.36
(1.28–1.42)

0.97
(0.89–1.08) Medium

P, % DM <0.21→ >0.8 0.93
(0.80–1.01)

0.76
(0.69–0.82) Very high

K, % DM <0.6→ >2.5 0.76
(0.70–0.82)

0.45
(0.42–0.47) Low

Water-soluble N, ppm <51→ >200 388
(372.0–406.1)

344
(341–348) Very high

Water-soluble NO3
− +

NO2
−, ppm <51→ >200 387

(371–405)
344

(341–348) Very high
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Table 2. Cont.

Parameters for Quality
Indication

** Values for Quality
Indication

* Maturated Composts
ABPs2 + GW

Quality Assessment
of Compost (After

2 Months)After 2 Months After 3 Months

Water-soluble NH4
+, ppm - 1.06

(1.03–1.10)
0.013

(0.010–0.018) -

Water-soluble P, ppm <26→ >100 214
(236–250)

190
(188–192) Very high

Water-soluble K, ppm <91→ >300 832
(809–862)

700
(697–703) Very high

Water-soluble Ca, ppm <101→ >500 318
(311–325)

201
(196–205) High

Water-soluble Mg, ppm <31→ >120 105
(95–114)

81
(80–83) High

Cl, ppm <51→ > 300 298
(271–328)

248
(241–258) High

SO4, ppm <51→ > 200 808
(788–832)

123
(119–128) Very high

DOC, mg kg−1 < 4000 82 0 Stable compost
E. coli, cfu g−1 ≤ 1×103 6.4×104 2.3×103 Polluted

Notes: * Data are reported as mean with n = 3 and the largest and lowest values in parentheses. **—Maturated compost quality was
assessed according to Staugaitis et al. (2016). The first and second values refer to the lower (very low quality) and upper (very high quality)
limits of the parameter in question.

Another parameter for compost stability determination is the NH4
+ to NO3

− ratio.
Many researchers claim that the NH4

+ to NO3
− ratio should be less than 1. In the exper-

iment, the NH4
+:NO3

− ratio was only 0.0027, suggesting excellent stability. Moreover,
due to effective NH4

+ oxidation, the maturation period could be considerably reduced,
maintaining the NH4

+ to NO3
− ratio lower than one.

Many parameters associated with the fertility of the product exceeded the value,
which was determined to be valuable according to a study conducted by Staugaitis et al.
(2016). The compost produced in the experiment had several parameters that surpassed a
very high rating, such as TP (0.93%; very high > 0.8%); water-soluble N (388 ppm; very high
> 200 ppm); water-soluble P (214 ppm; very high > 100 ppm); water-soluble K (808 ppm;
very high > 300 ppm); DM (58.18%; very high > 50%) (see Table 2). However, the most
important agronomical parameter of OM was considerably low because of the prevalence
of low OM containing GW primary compost and degradation of organic material during
maturation. Nevertheless, if the ABPs2 portion in the mixture was increased by 20 to 30%,
the OM percentage would notably increase.

Although the parameters associated with phytotoxicity and compost fertility exhibited
excellent values, during the experiment, E. coli (6.4 × 104) exceeded the limit value of
1 × 103 cfu g−1, and the microbial count of the GW and ABPs primary composts was below
the threshold value. The increase in E. coli colony count could be due to uncontrolled
disturbances and low temperatures during maturation.

As a solution for emerging E. coli problems, specific microorganism mixtures can
be introduced during co-maturation. After the analysis conducted in the Department of
Veterinary Medicine, Jelgava University of Agriculture, the specifically developed probiotic
mixture (microbiological preparations) showed that E. coli (strain No. ATCC25922) colony
numbers were significantly reduced in only 24 h [42]. The comparison of both produced
composts revealed that composting with the probiotics completely eliminated E. coli and
Salmonella as well as other types of pathogens (e.g., Enterobacter cloacae) [43].

3.3. Current and Planned Hospitality ABPs Management Approach

To reveal the environmental benefits of catering ABP management, a comparison of
existing and suggested approaches to treat 10 tons of ABPs was performed. First, a field
study of the current ABP plant was conducted. During the study, the researchers found
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that the technology used was composting under fabric cover with forced aeration (air
supply through perforated tubes under the piles) to minimize the need for pile turning
(a windrow turner was used only two times per composting cycle) and accelerate the
composting process. However, compost turning was applied for mixing catering ABPs
(55%), GW (35%), and biomass combustion ash (10%) to adjust the moisture content and
C/N ratio. After surveying the plant’s staff, it was assumed that the substrate mass was
reduced by approximately 62%, whereas the dry material reduction was approximately
36%. Composting with forced aeration generated 6.07 t y−1 of leachate.

After the plant staff survey and analysis of the produced compost quality and con-
tamination parameters (average value n = 3), and analysis of scientific literature, the mass
balance was calculated (see Figure 1). According to the compost quality analysis and loss of
material during composting (see Section 2.2), the NPK in the input material was calculated.
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Figure 1. Existing hospitality ABPs management in the selected region.

After material flow analysis, the energy demand data for the composting operations
were gathered. Electricity consumption in the plant was 2.4 kW h t−1 of biodegradable
waste (BDW), amounting to a total of 41.29 kWh for 17.2 t y−1 of the substrate. Regarding
diesel consumption, the staff reported that all the machinery consumed 1.26 kg t y−1 BDW,
resulting in a total 21.68 kg of fuel for the composting operation.

Conventional catering ABP management in the selected region requires considerable
energy for transportation. In the case of the catering company, which generates 10 t y−1

ABPs, it is assumed that the ABPs will be collected every week (52 picks per year), consisting
of 192.3 kg per pick. Because the average distance between the catering company and
the ABP manager is 50 km, the need for transportation is 26,000 tkm y−1. Moreover, the
transportation of the product (6.46 t y−1) to agricultural fields in the region would also
amount to 50 km, amounting to a total of 306.74 tkm.

The suggested management approach is shown in Figure 2. The flowchart presents
the management of one catering company’s ABPs by applying intensive composting at the
source of generation, followed by co-maturation of GW and ABPs primary composts in the
closest municipal GW composting sites.
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The scheme in Figure 2 presents the flow of nutrients and materials during the appli-
cation of the novel management approach. The box with an air blower and agitator presets
intensive composting on the premises of a catering company, and the gray pile depicts
typical municipal GW composting.

During the intensive composting of catering ABPs, no wastewater was generated due
to external heating and evaporation. For this reason, the quantities of K and P remained
the same in the lower-mass material. In a previous study, Kliopova et al. (2019) reported
that 0.0416 kg of NH3 was generated per ton of catering ABPs. These findings were used to
evaluate the loss of TN in the form of NH3 (0.343 kg) from the system. As N2O emissions
were not measured, the emissions factor for aerated compost was taken from Yang et al.
(2019). The N balance was calculated in accordance with N emissions.

Concentrations of heavy metals were also taken from the study of Kliopova et al.
(2019), as additional laboratory analysis would be redundant due to the nature of source
segregated FW, which is nearly heavy metals-absent. Heavy metal concentrations of GWC
were taken from Staugaitis et al. (2016) as a more reliable source of data. The authors
analyzed composts of multiple GW composting sites and showed average heavy metal
concentrations across Lithuania. The heavy metal concentrations in both primary composts
were used to assess the amount of heavy metals in the mixture before maturation.

CH4 and CO emissions were distributed across the composting and maturation pro-
cesses. A total of 80% of CH4 and CO were assigned to composting and 20% to maturation.

During the novel ABP management, the majority of diesel is consumed during munic-
ipal GW composting. The staff of the GW composting plant of the region reported 0.756 kg
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per ton of GW, representing 18.9 kg per 25.0 t for GW composting. In the case of the
suggested management approach, diesel is used to mix ABPs and GW primary composts
before maturation by using the plant compost-turning machine (capacity 2800 m3 h−1)
with diesel consumption of 16 L h−1 or 0.016 L per ton of BDW (one cycle). It is assessed
that two cycles would be sufficient to ensure proper mixing of the primary composts,
amounting to 0.23 kg of diesel for 16.6 tons of primary composts.

Most importantly, the novel ABP management approach proposed can substantially
reduce transportation needs. As the production of primary compost in a catering company
is no longer waste, ABP regulation does not apply to this subproduct. Therefore, the
transport of the primary compost to the closest municipal GW composting sites is suggested.
In the case of the selected region, 10 t y−1 of ABPs would be transformed into 2.17 t y−1 of
the primary compost and transported for 15 km (empty return) to the closest municipal
GW composting site (32.49 tkm) every two weeks or 26 times per year (83.3 kg). Moreover,
the delivery of the produced compost to the surrounding agricultural fields would be less
intensive compared to the current management approach. Six GW composting sites with
a radius of 15 km cover 85% of the region’s territory. For this reason, the delivery of the
product (10.29 t y−1) for field application would amount to 154.16 tkm.

3.4. Current and Planned Hospitality ABPs Management Environmental Impact Assessment

To highlight the environmental benefits, current and planned catering ABP man-
agement approaches were interpreted by applying the LCA method. After the analysis
(characterization) of both approaches, a reduction was observed in 12 environmental im-
pact categories from a total of 18. For instance, the environmental impact in the climate
change category was reduced by 48%, ozone formation by 107%, fossil resource scarcity by
83%, etc. (see Figure 3). The same impact categories with their corresponding units were
depicted in Table 3.
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management approaches.
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Table 3. Comparison of current and planned situations in 18 environmental impact categories.

Impact Category Unit Current
Situation

Planned
Situation

1 Global warming 100a kg CO2 eq 7935 4141
2 Stratospheric ozone depletion kg CFC11 eq −0.0087 −0.0156
3 Ionizing radiation kBq Co-60 eq 646 988
4 Ozone formation, Human health kg NOx eq 80.9 −5.48
5 Fine particulate matter formation kg PM2.5 eq 14.8 5.32
6 Ozone formation, Terrestrial ecosystems kg NOx eq 77.0 −11.8
7 Terrestrial acidification kg SO2 eq 57.7 23.6
8 Freshwater eutrophication kg P eq 1.57 8.28
9 Marine eutrophication kg N eq −0.40 −0.64
10 Terrestrial ecotoxicity kg 1,4-DCB 18,236 3572
11 Freshwater ecotoxicity kg 1,4-DCB 173 212
12 Marine ecotoxicity kg 1,4-DCB 221 263
13 Human carcinogenic toxicity kg 1,4-DCB 63.7 75.2
14 Human non-carcinogenic toxicity kg 1,4-DCB 2969 2129
15 Land use m2a crop eq −4,567,849 −6,760,311
16 Mineral resource scarcity kg Cu eq −7.16 −10.7
17 Fossil resource scarcity kg oil eq 2364 413
18 Water consumption m3 −34.9 −46.2

3.5. Economic Assessment of the Proposed Management Approach

The savings for a catering company were evaluated in a previous study (Kliopova
et al., 2019), amounting to 4203 EUR per year, when the produced compost is used in the
catering company premises. However, when the primary compost cannot be matured and
used for the needs of the company, it is suggested to divert the primary compost to GW
composting sites, as it was analyzed in the present study. In this case, system boundaries are
enlarged, encompassing municipal GW composting sites, which also receive extra earnings.
The pay-pack period of implementation of an intensive composter will be approximately
2.1 years (see Table 4).

Table 4. Economic evaluation (savings) due to installation of an intensive composter at the catering company.

Analyzed
Parameters

Units
Price

Situation before
Implementation

(Conventional ABPs
Management)

Situation after
Implantation of

Intensive Composter
Savings

EUR unit−1 Units y−1 Units y−1 Unites y−1 EUR y−1

ABPs t 446.11 10 0 10 4461.1
PC t - 0 2.17 −2.17 0

* Electricity kWh 0.15 3300 5160 −1860 −279.00
** Diesel fuel L 1.00 0 54.6 −54.6 −54.6

Total savings: 4127.5

Notes: * Animal by-products in a catering company are stored in a separate freezer with an installed power of 0.35 kW); electricity
consumption of intensive composter: 5160 kWh t−1 of raw ABPs. ** Diesel fuel consumption for ABPs primary compost transportation to
GW composting site: 32.49 tkm (diesel consumption 7 L km−1).

As it was suggested that ABP management increases the nutritive properties of GW
compost, the price of the improved compost is assumed to increase from 7–13 to 20 EUR t−1.
For this reason, established symbiotic relationships between catering and municipal GW
composting sites would allow them to double the income as GW compost producers. In
the case of our example, 13.7 t of higher quality compost can be produced using 2.17 t of
ABPs primary compost as an amendment; expected incomes were 274 EUR or on average
137 EUR more in comparison to the current situation per catering company.
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4. Conclusions

The analysis of ABP primary compost produced by the three catering companies
has shown outstanding nutritive properties, such as the amount of OM (75–89% DM),
TN content (1.5–1.38% DM), and water-soluble P concentration (1321–1917 ppm). How-
ever, the primary composts were phytotoxic, containing large concentrations of SO4

2−

(987–1820 ppm), Cl− (7155–9797 ppm), high conductivity (5.40–5.77 mS cm−1), and biodegrad-
ability (41,190–80,892 mg kg−1).

The co-maturation experiment with ABPs2 and GW primary compost resulted in the
stabilization of parameters associated with phytotoxicity. The cured compost conductivity
was in the optimal range (1.1 mS cm−1), biodegradability (82 mg kg−1) in a stable range,
Cl− (298 ppm) below the limit considered detrimental for the susceptible plant; however,
SO4

2− remained high 808 ppm. According to the selected quality assessment method, the
quality of the cured compost was exceptional. Parameters such as DM, TP, and soluble
forms of NPK in the produced compost ranged from high to very high values.

The analysis of the current ABP management approach in the analyzed region showed
that these catering wastes were composted by centralized intensive composting under
forced aeration and fabric cover. In the plant, ABPs (55%) were mixed with GW (35%) and
biomass combustion ash (10 %) to adjust the moisture content and C/N ratio. In addition,
to treat 10 t y−1 of ABPs, 21.68 kg of diesel was needed. In contrast, the transportation
need for the current approach amounts to 26,000 km. Although the nutritive properties
of the compost were high, the compost contained large amounts of heavy metals (e.g.,
880 g Zn t−1 DM).

The analysis of the environmental impacts of current and suggested ABP manage-
ment approaches has revealed that in the case of implementation of the novel method,
environmental performance can be increased in 12 impact categories from a total of 18.
Marked reductions were achieved in climate change (48%), ozone formation (107%), and
fossil resource scarcity (83%) impact categories.

The economic assessment proved that the symbiotic relationship between catering
companies and GW composting sites results in economic benefits for the involved parties.
Production of primary compost from 10 t of ABPs and delivery to the closest GW com-
posting site would allow savings of EUR 4.1 thousand per year for a catering company.
Additionally, co-maturation of GW and ABPs primary compost would allow a production
of 13.7 tons of higher value compost in the composting site, which is two times higher than
typical GW compost in the Lithuanian market because of better nutritional properties.
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