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fed with carbon dioxide fed to the interior of the photobioreactor by means of a diffuser. Circulation of
the culture medium was ensured using a circulating pump with an average capacity of 80.0 dm3·h−1.
The lighting was a follow-up lighting system using LED RBGW diodes, with the number of lighting
points being not less than 1500 RGBW LEDs and RGB LED per m2, in the form of a cylindrical light
jacket and a lower panel lighting system and illuminated cover.

Figure 1. A photobioreactor scheme with a follow-up lighting system; source: own studies. Symbols
described in text.

2.2. Methodology for Measuring the Intensity of Lighting

Preliminary pilot studies were carried out on the designed prototype of the photobioreactor.
Measurement of the PAR radiation intensity inside the culture medium was carried out with the
Quantum Meter MQ-100 Apogee Instruments measuring probe (Figure 2b) for measurements in an
aqueous environment with a spectral range of 410–655 nm. The measuring device consisted of a
digital meter with a quantum sensor. The tests were carried out during breeding, inside the culture
medium with a directional probe set to the light source. Measurements were made along measurement
path I marked on the diagram and on the axis of the photobioreactor (WWTP). The meter sensor was
mounted on a tripod rail and moved vertically every 10 mm ± 1.0 mm along the marked measurement
lines (Figure 2a). The measurements made will ultimately form the measurement grid of the PAR
radiation intensity in the active volume of the reactors with a different lighting system.

The tests were carried out for the dual cylindrical light jacket switched on and the low light panel
also switched on. LED directional lighting placed from the bottom contained 30 points of light of
about 18 W, 1100 lm, 3000 K (warm white color), and 230 V, while the double light jacket consisted
of: module I—150 LED RBG type LED lights with 36 W, 12 V, controller, white on; module II—300
points of light—18 W 950 lm, with a color temperature of 3100 K (warm white), 12 V power supply.
The lighting worked in the day/night 14/10 system. The geometrical dimensions of the cylindrical light
jacket were: diameter (24.5 ± 1.0) mm, height (19.5 ± 1.0) mm.
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Figure 2. Diagram of PAR radiation measurement paths in the reactor (a) and Quantum Meter
MQ-100 meter by Apogee Instruments (b); source: own work.

Growth of microalgae Chlorella vulgaris BA0002a from the collection of Baltic algae cultures at
the CCBA (Culture Collection of Baltic Algae) was carried out in a sterilized cylindrical glass reactor
with an dm3·d−1 module equal to 0.985 and 4.16 dm3, including an active capacity of 4 dm3 on nutrient
medium about the composition of Table 1.

Table 1. Composition of culture medium.

Component Concentration, mg·dm−3

N 184.5
P 49.2
K 192.0

The medium of 4 dm3 was inoculated with 2 ml of microalgae inoculum. Figure 3 presents graphs
from pilot measurements of the intensity of photosynthetically active radiation, using a measuring
probe whose head was directed towards the light jacket and was moved along measuring path I and
on the axis of the reactor. Measurements of PAR radiation intensity were made for two different optical
densities of the cultured 4.23 McF and 7.35 McF media, determined using a DEN-1B densitometer, in
the McF degrees (0–180·104 cell·dm−3).

 
Figure 3. Characterization of photosynthetically active radiation distribution for optical density 4.23
McF (“OŚ” denotes a path along the reactor axis).
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3. Results

Measurements of PAR intensity were made by means of a directional probe adjusted to one light
source which was a double cylindrical light jacket. The probe was displaced every 10 mm along the
reactor axis. It is easy to observe that for lower optical density the distribution of light inside the reactor
has similar characteristics along measuring path I and along the PBR axis (Figure 3). The photon flux
density in the reactor axis was the smallest and, about 25 mm from the bottom, decreased to values
close to zero. In the case of the measurement along path I, the radiation reaching the reactor wall from
about 50 mm from the bottom maintained a constant level of about 110 μmol·m−2·s−1. The richest zone
with the highest radiation density in the set system was the bottom zone along the reactor wall.

Comparing the radiation distribution pattern inside the reactor at the optical density of 7.35 McF,
we can notice a large uneven distribution of radiant energy in the reactor space (Figure 4). The radiation
in the reactor axis is at zero, while immense unevenness and chaos of the photon flux prevails inside
the culture medium in the measurement carried out according to path I. Both at the bottom and near
the reactor cover there are larger values, because here the radiation from the cover module and the
bottom panel is reaching the culture, while at the middle height of the tested system, the radiation
reaching the culture is suppressed by 50%.

 

Figure 4. Characterization of photosynthetic PAR vector radiation distribution for optical density
7.35 McF.

4. Conclusions

The presented solution is innovative in terms of its comprehensiveness and multi-functionality and
provides a fix for the problem of light distribution inside a PBR. The real-time light radiation intensity
compensation using measured parameters can compensate for the deficits of uneven distribution of
light and thus optimize the conducted breeding. The values set at the beginning of the cultivation
during the production of biomass, after obtaining the feedback signal from on-line measurements, can
be changed in real time, automatically as well as manually, during the process. There is a possibility of
adjusting the amount of radiation to the increasing concentration of microorganisms based on PAR
measurements obtained in real time from the inside the farm. None of the known solutions compensate
for differences in light distribution in real time on the basis of photon flux density measurements
reaching the breeding medium, which in this case is an innovation in the technical solution. The same
applies to the administration of nutrients in periodic cultures. Pilot study results showed significant
differences in the distribution of available light energy in the reactor space, which varies with the
increase in biomass.

197



Energies 2020, 13, 1143

Author Contributions: Conceptualization, B.B.; Data curation, B.B. and T.H.; Formal analysis, T.H.; Methodology,
J.G.; Project administration, B.B.; Resources, J.G.; Writing—original draft, B.B.; Writing—review & editing, T.H.
and J.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financed by the Ministry of Science and Higher Education of the Republic of Poland.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ahorsu, R.; Medina, F.; Constantí, M. Significance and Challenges of Biomass as a Suitable Feedstock for
Bioenergy and Biochemical Production: A Review. Energies 2018, 11, 3366. [CrossRef]

2. Saad, M.G.; Dosoky, N.S.; Zoromba, M.S.; Shafik, H.S. Algal Biofuels: Current Status and Key Challenges.
Energies 2019, 12, 1920. [CrossRef]

3. Amaro, H.M.; Macedo, A.C.; Malcata, F.X. Microalgae: An alternative as sustainable source of biofuels.
Energy 2012, 44, 158–166. [CrossRef]

4. Lee, J.; Lee, K.; Sohn, D.; Kim, Y.M.; Park, K.Y. Hydrothermal carbonization of lipid extracted algae for
hydrochar production and feasibility of using hydrochar as a solid fuel. Energy 2018, 153, 913–920. [CrossRef]

5. Ding, L.; Gutierrez, E.C.; Cheng, J.; Xia, A.; O’Shea, R.; Guneratnam, A.J.; Murphy, J.D. Assessment of
continuous fermentative hydrogen and methane co-production using macro- and micro-algae with increasing
organic loading rate. Energy 2018, 151, 760–770. [CrossRef]

6. Markou, G.; Angelidaki, I.; Nerantzis, E.; Georgakakis, G. Bioethanol Production by Carbohydrate-Enriched
Biomass of Arthrospira (Spirulina) platensis. Energies 2013, 6, 3937–3950. [CrossRef]

7. Islam, M.A.; Magnusson, M.; Brown, R.J.; Ayoko, G.A.; Nabi, N.; Heimann, K. Microalgal Species Selection for
Biodiesel Production Based on Fuel Properties Derived from Fatty Acid Profiles. Energies 2013, 6, 5676–5702.
[CrossRef]

8. Wijayanta, A.T.; Aziz, M. Ammonia production from algae via integrated hydrothermal gasification, chemical
looping, N2 production, and NH3 synthesis. Energy 2019, 174, 331–338. [CrossRef]

9. Ferreira, L.S.; Rodrigues, M.S.; Converti, A.; Sato, S.; Carvalho, L.C.M. Arthrospira (Spirulina) platensis
cultivation in tubular photobioreactor: Use of no-cost CO2 from ethanol fermentation. Energy 2012, 92, 379–385.
[CrossRef]

10. Mohler, D.T.; Wilson, M.H.; Fan, Z.; Groppo, J.G.; Crocker, M. Beneficial Reuse of Industrial CO2 Emissions
Using a Microalgae Photobioreactor: Waste Heat Utilization Assessment. Energies 2019, 12, 2634. [CrossRef]

11. Zhang, Y.; Bao, K.; Wang, J.; Chao, Y.; Hu, C. Performance of mixed LED light wavelengths on nutrient removal
and biogas upgrading by different microalgal-based treatment technologies. Energy 2017, 130, 392–401.
[CrossRef]

12. Hosseini, N.S.; Shang, H.; Scott, J.A. Optimization of microalgae-sourced lipids production for biodiesel in a
top-lit gas-lift bioreactor using response surface methodology. Energy 2018, 146, 47–56. [CrossRef]

13. Kumar, A.; Ergas, S.; Yuan, X.; Sahu, A.; Zhang, Q.; Dewulf, J.; Malcata, F.X.; van Langenhove, H.
Enhanced CO2 fixation and biofuel production via microalgae: Recent developments and future directions.
Trends Biotechnol. 2010, 28, 371–380. [CrossRef]

14. Chisti, Y. Biodiesel from microalgae. Biotechnol. Adv. 2007, 25, 294–306. [CrossRef]
15. Carvalho, A.P.; Meireles, L.A.; Malcata, F.X. Microalgal reactors: A review of enclosed system design and

performances. Biotechnol. Prog. 2006, 22, 1490–1506. [CrossRef]
16. Vass, I.; Cser, K.; Cheregi, O. Molecular mechanisms of light stress of photosynthesis. Ann. N. Y. Acad. Sci.

2007, 1113, 114–122. [CrossRef]
17. Pupo, O.R.; García, S.; Valencia, G.; Bula, A. Conceptual Design of Photobioreactor for Algae Cultivation.

In Proceedings of the ASME 2011, International Mechanical Engineering Congress and Exposition,
Denver, CO, USA, 11–17 November 2011.

18. Kumar, K.; Dasgupta, C.N.; Nayak, B.; Lindblad, P.; Das, D. Development of suitable photobioreactors for
CO2 sequestration addressing global warming using green algae and cyanobacteria. Bioresour. Technol.
2011, 102, 4945–4953. [CrossRef]

19. Singh, R.N.; Sharma, S. Development of suitable photobioreactor for algae production. Renew Sustain.
Energy Rev. 2012, 16, 2347–2353. [CrossRef]

198



Energies 2020, 13, 1143

20. Richmond, A.; Hu, Q. Handbook of Microalgal Culture; Blackwell Publishers: Hoboken, NJ, USA, 2004;
pp. 57–82.

21. Norsker, N.H.; Barbosa, M.J.; Vermuë, M.H.; Wijffels, R.H. Microalgal production—A close look at the
economics. Biotechnol. Adv. 2011, 29, 24–27. [CrossRef]

22. Chen, P.; Min, M.; Chen, Y.; Wang, L.; Li, Y.; Chen, Q. Review of the biological and engineering aspects of
algae to fuels approach. Int. J. Agric. Biol. Eng. 2009, 2, 1–30.
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Abstract: Optimization of plant fertilization is an important element of all quality systems in primary
production, such as Integrated Production, GLOBAL G.A.P. (Good Agriculture Practice) or SAI
(Sustainable Agriculture Initiative). Fertilization is the most important element of agricultural
treatments, affecting the quantity and quality of crops. The aim of the study was to assess greenhouse
gas (GHG) emissions in the cultivation of Chinese cabbage, depending on the technological variant.
The factor modifying the production technology was the use of fertilizers with a slow release of
nutrients. One tonne of marketable Chinese cabbage crop was selected as the functional unit.
To achieve the research goal, a strict field experiment was carried out. Calculation of the total amount
of GHG emitted from the crop was made in accordance with ISO 14040 and ISO 14044. The system
boundaries included the production and use of fertilizers and pesticides, energy consumption for
agricultural practices and the emission of gases from soil resources and harvesting residue. The use
of slow-release fertilizers resulted in a greater marketable yield of cabbage compared to conventional
fertilizers. The results of the research indicate a significant potential for the use of slow-release
fertilizers in reducing agricultural emissions. From the environmental and production point of view,
the most favourable variant is the one with 108 kg N·ha−1 slow-release fertilizers. At a higher dose of
this element, no increase in crop yield was observed. At this nitrogen dose, a 30% reduction in total
GHG emissions and a 50% reduction in fertilizer emissions from the use of per product functional
unit were observed. The reference object was fertilization in accordance with production practice in
the test area.

Keywords: greenhouse gases; efficiency; agriculture; slow release fertilizers; Chinese cabbage

1. Introduction

The environmental impact of plant production is mainly associated with the consumption of fossil
fuels and the use of fertilizers and plant protection products. Greenhouse gas (GHG) emissions are also
associated with energy consumption for the production, transport and application of fertilizers and
plant protection products, irrigation, as well as the logistics process of food products [1]. An important
source of agricultural pollution is the emission of GHG from the soil as a result of mineralization of
dead organic matter and humus compounds [2]. Some of the elements introduced into the soil with
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organic and mineral fertilizers are dispersed in the environment; to the atmosphere, in the form of
GHG, and to the underground and surface waters, causing intensified eutrophication processes and
acidification of individual elements of the environment. At all its stages, food production is associated
with the intensive use of natural resources such as soil, water, space and energy resources [3]. Intensive
agricultural production, often regarded as conventional, has developed in response to the demand for
cheap food production. It is characterized by maximizing production with the simultaneous increase
in consumption of the means and energy resources [4]. The intensified production very quickly led to
environmental degradation of large areas, especially in developed countries, with the most intensive
agriculture. The transformation of natural ecosystems into monocultural agrocenosis is also associated
with landscape changes that have a multidirectional, negative impact on the human environment [5].
The implementation and development of quality management systems in food production were
somewhat the consumer market’s reaction to the presence of poor quality products on the market [6,7].

Economic development of developed countries, and the related increase in the wealth of societies,
has shaped consumer awareness regarding the environmental and health effects of overexploitation
related to food production [8,9]. An important aspect of optimizing agriculture is reducing its
environmental impact, especially in the context of emissions. Research results presented in the scientific
literature report great potential for binding organic carbon in soil organic matter, which allows reducing
the negative impact of agriculture on the environment, and the greenhouse effect [10–12]. Global
GHG from fossil fuels used in agriculture is estimated at 0.4–0.6 Gt of CO2 equivalent. Annually,
total agricultural emissions amount to 4.6 Gt of CO2 equivalent per year [13]. In the United States,
agriculture accounts for 9% of the total emissions of these compounds [14]. There are primary and
secondary sources of energy consumption and emission in plant production. Primary emission sources
are the result of agrotechnical practices on the farm (e.g., tillage, sowing, fertilization, harvesting and
transport, irrigation). Secondary (indirect) emission sources include emissions from the production
of fertilizers, pesticides, production and maintenance of equipment, etc. What is important from the
point of view of emissions is the emission of nitrogen oxides from soils intensively supplemented with
nitrogen fertilizers. The amount of nitrogen compounds released to the atmosphere is related not only
to the level of fertilization, but above all, to the efficiency of using the elements contained in fertilizers
and the type and intensity of cultivation treatments. An important source of environmental impact
of agricultural nitric oxide is its emission resulting from decomposition of harvesting residue. Total
N2O fertilizer emissions increased from 0.07 Gt of CO2 equivalent per year in 1961 to 0.68 Gt CO2

equivalent in 2010 [13]. Nitric oxide (N2O) is a key compound responsible for the greenhouse effect.
It retains 292 times more infrared radiation than carbon dioxide [15]. Assessing the environmental
and economic efficiency of quality systems implemented in primary production is a very important
element in the evaluation of the actual impact of producer regulations on the quality of produce and
the degree of environmental impact [16–18]. One of the methods of comprehensive and multifaceted
assessment of the quality system is to prepare a product life cycle taking into account the use of energy
and means of production, as well as renewable and non-renewable environmental resources [19,20].
However, developing a reliable and universal method is very difficult because farms operate in a
specific economic, social and climatic framework, which significantly affects the assessment and is
very difficult to interpret [21]. That is why agricultural systems are often assessed based on a selected
fragment of activity.

The aim of the study was to quantify and compare GHG emissions in the different technological
variants of the cultivation of Chinese cabbage. The research variable was the fertilisation technology
with conventional fertilisers and slow release ferilizers. One tonne of marketablemarketable Chinese
cabbage crop was selected as the functional unit.

2. Materials and Methods

In terms of the scope of research, the number of sites and their geographical location, the
experiment was planned based on the assumed qualitative and quantitative objectives, as well as
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technical possibilities. [22]. The choice of the plant variety, the individual fertilization options, the range
of agrotechnical treatments, the level of irrigation and the time frame of the experiment was based on
a risk analysis carried out in accordance with ISO 31000:2018 [23]. The risk defined was the impact
of the above-mentioned risk factors on the reduction of plant yields. Different fertilization variants
were applied in individual experiment objects, which resulted from the production practice applied
in the research area, the requirements of quality management systems in primary production and
economic aspects. The scope of the research and the selection of GHG emission sources were carried
out based on literature study [15–21]. The sources of GHG emissions selected for the calculation of
total emissions were selected based on their utility in the context of the determined research objectives.

In terms of the number of objects, the scope of research and geographical location, the experiment
was planned based on the assumed qualitative and quantitative objectives and technical capabilities [22].
The choice of plant variety, individual fertilization variants, the range of agrotechnical treatments,
the level of irrigation and the time frame of the experiment was based on the risk analysis carried
out in accordance with ISO 31000:2018. The defined risk was the impact of the above-mentioned risk
factors on the reduction of plant yields. The scope of the conducted research and the selection of GHG
emission sources was based on a literature study. The scheme of the experimental design is as follows:

(1) Formulation of the strategic objective;
(2) Selection of the experience factors (a single-factor experience was selected);
(3) Selection of the plant (Chinese cabbage is a plant of high economic importance and high GHG

emission potential due to high levels of fertilization and relatively low nitrogen use;
(4) Selection of the experiment site (geographical boundary of the system); the experiment was

conducted in the area with large acreage of Chinese cabbage cultivations;
(5) Selection of agrotechnical treatments (except the experimental factor); the treatments were selected

based on the recommendations of the integrated plant production methodology and based on
production practices in the research area;

(6) Formulation of the experimental factor levels. The level of nitrogen fertilization and the forms of
nitrogen applied in the subsequent experimental facilities were designed based on the following
input data:

(a) A control facility is necessary for the assessment of the site potential;
(b) Objects fertilized with 400 and 500 kg of slow-release fertilizers. The amount of fertilization

results from the manufacturer’s recommendations in their advertising materials;
(c) Objects fertilized with 600 and 800 kg of slow-release fertilizer and objects fertilized with

300 and 450 kg of ammonium nitrate·ha−1. The level of fertilization was calculated based
on the plants’ fertilizing needs, at the estimated site productivity of 65 and 90 t·ha−1.
The two estimated levels result from the likelihood of adverse weather conditions during
the vegetation period of the plants;

(d) An object fertilized with 600 kg of ammonium nitrate·ha−1. The level of fertilization results
from production practices applied in the research area;

(7) Estimation of the system boundary in terms of GHG emission sources. The selection was based on
the latest available literature and a risk analysis in the context of the assumed target, in accordance
with ISO 31000:2018. These sources are:

(a) GHG emissions related to the applied fertilizers;
(b) GHG emissions related to the plant protection products used;
(c) GHG emissions related to electricity consumption and combustion of fossil fuels;
(d) GHG emissions related to decomposition of crop residues;
(e) GHG emissions related to decomposition of soil organic matter.
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The goal was achieved based on field experience which allowed calculating GHG emissions
in individual technological variants. The experiment was established in the soil with a heavy clay
grain size. The soil properties on which the experiment was established are included in Table 1.
The forecrop for research plants was corn. The test plant was Chinese cabbage (Brassica rapa L.) of
the Parkin F1 variety. The experiment was established on 15 May 2017. The plants were harvested
on 22 July 2017. Plants were grown at a spacing of 50 × 30 cm. Cultivation and plant protection
practices were carried out based on the integrated production methodology for the Chinese cabbage
approved by the Main Inspector of Plant Health and Seed Inspection, based on art. 5 par. 3 pos. 2
of the Act of 18 December 2003 on Plant protection, consolidated text from 2008, no. 133, item 849
as amended. In terms of agricultural treatments, the following were applied: plowing, cultivating,
planting, mechanical application of fertilizers (twice in facilities where conventional fertilizers were
applied, and once in facilities where slow-release fertilizers were applied), as well as mechanical
weeding (once). The harvesting was manual, and irrigation amounted to 80 dm3·m−2 from a deep
water well, 36 m in depth.

Table 1. Selected soil properties at the beginning and at the close of the experiment. Used for
experiments mg·kg−1 and after.

pH in H2O pH in KCl
[%] mg·kg−1

N in Total C Organic N Mineral P K Mg Ca

7.01 6.65 0.16 1.41 56.65 147.8 359.5 199.4 850

Plants were irrigated to optimal water content to eliminate the possibility of water stress affecting
the test results. Before establishing the experiment, the physicochemical and chemical properties of the
soil were analyzed, and the following parameters were determined: pH, granulometric composition,
the content of organic matter, mineral nitrogen and Kiejdahl nitrogen content, as well as the content of
available forms of P, K, Mg and Ca.

Optimization of the agricultural system was based on the use of a multicomponent, slow-release
fertilizer with NPK content (%) 18-05-10 + 4CaO + 2Mg (with a nitrogen release period of two months),
ammonium nitrate (34% N), triple superphosphate (46% P2O5) and 60% potassium salt (60% K2O).
The experiment included seven fertilization levels and a control object (Table 2). The slow-release
fertilizer was applied pointwise to each plant during planting, at a depth of 5–7 cm below the planting
level. All phosphorus and potassium fertilizers were applied before sowing, while ammonium nitrate
was applied in two doses: 60% before planting and 40% after planting. The date of late top dressing
was selected based on the observation of meteorological conditions and monitoring condition of the
plants. The experiment was conducted in four replicates, in randomized blocks.

Table 2. Experiment diagram.

Object
Number

Slow-Release
Fertilizer

Ammonium
Nitrate

Triple
Superphosphate

Potassium
Salt

N P2O5 K2O

kg of fertilizer·ha−1 kg of component·ha−1

control 0 - - - - - -
1 400 - 89 177 72 60 150
2 500 - 76 158 90 60 150
3 600 - 65 140 108 60 150
4 800 - 43 103 144 60 150
5 - 300 130 250 100 60 150
6 - 450 130 250 150 60 150
7 - 600 130 250 200 60 150
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The system boundaries included:

(1) Production of fertilizers and agrochemicals used for growing plants;
(2) The farm’s energy consumption for field work;
(3) Soil emissions (direct and indirect) related to fertilizer use;
(4) Emissions from harvesting residue management and from the mineralization of soil organic matter;
(5) Water consumption for irrigation.

In order to determine the environmental impact of the production of Chinese cabbage in
various technological conditions, the following standards were applied: ISO 14040 “Environmental
management—Life cycle assessment—Principles and framework” and ISO 14044 “Environmental
management—Life cycle assessment—Requirements”.

3. Results

The analysis was carried out according to the recommendations included in the document [24].
Product transport, packaging, agricultural tool wear and marketing were excluded from the research.
The production and transport of seedlings were also excluded from the process due to the lack of data
on this process. The adopted functional unit was 1 tonne of marketable product. The time frame of the
system was one year. The potential for generating the greenhouse effect has been estimated based on
the GHG emission calculated as per carbon dioxide equivalent (CO2).

The input data for calculating the GHG emission value came from seven experimental objects
and a control object where fertilization was not used (Table 2). Fertilization at object no. 7 was
carried out in accordance with the production practices used in the area of testing. The GHG emission
level for nitrogen production in ammonium nitrate was assumed at 7.99 kg CO2·kg−1 N. For triple
superphosphate, this value was set at 0.36 kg CO2·kg−1 P2O5, while for potassium chloride it was
0.56 kg CO2·kg−1 K2O [25]. Based on the data on the composition of the slow-release fertilizer used, its
total carbon footprint was calculated at 8.2 kg CO2·kg−1 N, as per the mass of fertilizer [25]. Emission
factors for harvesting residue were calculated based on the amount of waste generated during cabbage
processing. Based on the results of the experiment, it was estimated that the ratio of marketable to
collateral yield and harvesting residue in the cultivation of Chinese cabbage ranged from 19% to 28%.
The adopted content of carbon fraction in dry matter of harvesting residue was 50%. The actual nitrogen
content in harvesting residue was used for the calculations. The level of harvesting residue distribution
was estimated at 25%. Carbon emissions from harvesting residue were calculated according to the
methodology in the IPCC [26]. The value of nitric oxide emission from harvesting residue was adopted
at 1.25% [27]. The value “N-N2O emissions” was multiplied by 44/28 to convert it into N2O. N2O
emission was used as a CO2 equivalent by multiplying it by the global warming potential of 298 [15].
The adopted soil mineralization rate of organic matter was 2%. The assessment of the life cycle of
Chinese cabbage includes emissions from the burning of fossil fuels used for agricultural procedures.
Based on the data provided by EPA [28], the diesel emission from agricultural tractors was assumed
at 3.864 kg CO2·dm−3 of fuel. Fuel consumption in particular agricultural procedures is presented
in (Table 3). Owing to the small amount of nitrogen oxides and methane emitted the during diesel
combustion in agricultural tractors, this source of GHG was omitted [28]. The amount of greenhouse
gas emissions associated with the use of pesticides was estimated based on the data provided by
Audsley [11] (Table 4). These authors report the total amount of GHG emissions per carbon dioxide
equivalent at 25.5 kg CO2 for 1 kg of active substance of pesticide. The amount of pesticides used in
cabbage cultivation was 1950 g·ha−1 for all objects. For irrigation, deep well water pumped from 36 m
was used using 40% electric pumps. The CO2 emission factor from irrigation was calculated on the
basis of the guidelines given by Wang [29] (Table 4). For the production of 1 kWh of electricity, CO2

emissions were adopted at 0.9245 kg [29]. According to the methodology given by [30] the amount
of nitrogen emitted as a result of mineral fertilization is 1% as direct emission and 0.27% as nitrogen
dispersed in the environment. The amount of nitrogen oxides emitted from mineral fertilizer nitrogen
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was estimated at 0.75% of total nitrogen not used by plants during the growing season [30] (Tables 4
and 5). The N2O to CO2 conversion factor in the context of the greenhouse effect is 292 [15].

Table 3. Energy consumption and greenhouse gas (GHG) emissions associated with agricultural treatments.

Type of Agricultural Treatment
Diesel Use Energy Use CO2 Emission

[dm3] [MJ] [kg]

Ploughing 57.0 2299.0 220.2
Mineral fertilization, one time 5.1 206.9 19.71
Cultivation with an aggregate 30.8 1241.5 119.0

Mechanical planting 154.0 6207.4 595.1
Application of plant protection products, four times 24.8 517.3 95.83

Mechanical weeding, one time 19.2 775.9 74.19
Total 1325.8 53,458.0 1124.0

Irrigation [KWh] 194.7 179.7
Total 1303.7

Table 4. CO2 emissions from fertilizers [CO2 equivalent·ha−1).

Object Number A B C D E F

control 1323.4 353.1a *
2 592 72.29 664.29 48.75 1323.4 384.3a
3 740 64.00 804.00 48.75 1323.4 474.0b
4 888 56.34 944.34 48.75 1323.4 521.1bc
5 1184 40.70 1224.70 48.75 1323.4 563.9c
6 502.3 502.28 48.75 1303.7 412.8a
7 901.8 901.78 48.75 1303.7 476.9b
8 1301.3 1301.28 48.75 1303.7 458.1bc

* Different letters mean statistically significant differences at the significance level p = 0.05.

Table 5. Greenhouse gas (GHG) emissions.

Object Number G H I J K

equivalent of CO2·ha−1 equivalent of CO2·ha−1

control 14.5
1 1.13 0.04 330.4 11.33 18.9
2 1.41 0.30 413.0 87.81 31.5
3 1.70 0.44 495.6 128.02 38.2
4 2.26 0.68 660.8 197.77 44.2
5 1.57 0.64 458.9 187.85 22.9
6 2.36 1.15 688.3 334.51 31.9
7 3.14 1.53 917.7 448.01 29.3

A—CO2 equivalent from the slow-release fertilizer [25]; B—CO2 equivalent from conventional
fertilizers [25]; C—CO2 equivalent from fertilizers in total; D—CO2 equivalent from plant protection
products [11]; E—CO2 emissions from fuel combustion and electricity consumption [29]; F—CO2

emissions from soil and harvesting residue and from the mineralization of organic matter3 [26,27].
G—Direct N2O emission from mineral fertilization [30]; H—Indirect N2 emission related to

mineral fertilization [30]; I—CO2 equivalent from direct N2 emission; J—CO2 equivalent from the
indirect emission of N2 [15]; K—CO2 equivalent from N2 emission from the mineralization of harvesting
residue3 [26,27].

The obtained results were subjected to analysis of variance. The significance of differences in
mean values was determined with the Tukey test (α ≤ 0.05) using the Statistica 13 (TIBCO Software
Inc.) software to statistically process the results.
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The presented work compares the total GHG emissions for various fertilization strategies within
the assessment system adopted at taking inventory of their sources. The results of the calculations
demonstrate a significant differentiation of the total GHG emissions in terms of CO2 equivalent for
the adopted system boundary. The adopted unit of account was 1 tonne of marketable product.
The marketable yield in the non-fertilized object was 15.46 t. Fertilization in the amount of 72 kg
N in the form of slow-release fertilizers and a full dose of phosphorus and potassium caused a
double increase in the marketable yield of plants (Figure 1). When using traditional fertilizers, at
100 kg·ha−1 nitrogen, the marketable yield was approx. 56% higher compared to the unfertilized object.
The maximum yield was obtained in an object fertilized with slow-release fertilizers, at 144 kg N, and
it amounted to 44.02 t of marketable yield·ha−1 [31,32]. Niemiec [31], and Niemiec et al. [32] report a
reduction in celery yield after applying slow-release fertilizers directly under the root. These authors
stated that the reason for the decrease in yielding may be increased salinity of the soil solution directly
under plant root zone. In this experiment, slow-release fertilizers were used below the planting level,
which could limit the negative impact of soil solution salinity, especially at the initial stage of plant
growth. To achieve the yield at the level observed when using 144 kg N in a slow-release fertilizer,
200 kg of nitrogen in conventional fertilizers was required. Due to the relatively low content of mineral
forms of nitrogen in the soil, a strong reaction of plants to mineral fertilization was observed.

Figure 1. Amount of marketable and residual crop.

The experiment results indicate a significant impact of the proposed fertilization strategies on
the development of GHG emissions, both from direct and indirect sources. Total GHG emissions,
given as CO2 equivalent ranged from 78.9 to 120.3 kg CO2·t−1 fresh weight of marketable product
(Figure 2. The lowest value of this parameter was obtained for an object fertilized with slow-release
fertilizers at 108 kg N−1 fresh mass of the marketable product (option 3). For all facilities fertilized
with conventional fertilizers, the emission factor was above 110 kg CO2·t−1 fresh weight of marketable
product. The value of GHG emissions for a nonfertilized object was 111.8 kg CO2·t−1 product. There
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were no statistically significant differences between individual fertilization variants with the use of
the slow-release fertilizer. In relation to the reference object, fertilized in accordance with production
practice, a reduction of GHG emission level of 30% was achieved per functional unit of the product
(Figure 2). From the point of view of environmental efficiency, this is an important technological
achievement. In modern agricultural systems, improving efficiency by up to several percent can be
problematic [33–35].

Figure 2. Total GHG emissions and emissions related to the use of fertilizers.

The share of mineral fertilizers in shaping GHG emissions is presented in Figure 3. In the object
fertilized in accordance with production practice, the amount of GHG emissions associated with
the use of mineral fertilizers and plant protection products was 73 kg of CO2 equivalent·t−1. When
applying slow-release fertilizers, this value was 36.7 kg CO2 equivalent·t−1. The obtained research
results indicate that the level of mineral fertilization efficiency is the most important element related to
the optimization of plant production. This has been confirmed by studies of other authors [14,17,36].
Figure 3 presents the percentage share of individual GHG sources in the total emissions for the adopted
system boundaries. The sources were divided into three groups:

1. Agricultural treatments and irrigation;
2. Production and use of fertilizers;
3. Greenhouse gas emissions from soil result from decomposition of harvesting residue and soil

organic matter.
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Figure 3. Structure of GHG emissions from individual sources [%].

Irrigation and agricultural treatments are another source of agricultural emissions included in the
research. For the production technologies used, the level of GHG emissions associated with energy
consumption was 1303.7 kg CO2·ha−1 (Table 4). In objects fertilized only with conventional fertilizers,
this value was slightly higher, which results from the double application of the fertilizers (Table 4).
According to the technology used, the application of slow-release fertilizers during planting did not
cause additional GHG emissions. Energy consumption for irrigation and agricultural treatments
was constant for all fertilization variants and is not correlated with production effects. However, it
has a significant impact on the level of GHG emissions per unit of account. Very high values of this
coefficient testify to the low efficiency of the use of production potential, while low values indicate
unreasonable fertilization. In the conducted experiment, the share of emissions of GHG from fuel
combustion and electricity consumption ranged from 26.70% to 76.60% (Figure 3). The lowest value of
this parameter was found in a non-fertilized object, while the largest share of GHG emissions from
energy consumption was found in the object fertilized with conventional fertilizers at the highest
dose of 200 kg N·ha−1. In the experimental object fertilized with slow-release fertilizers, at 108 kg
N, the agricultural and irrigation GHG emission rate was 38% (Figure 3). The amount of fertilizer
GHG emissions is largely influenced by the total amount of fertilizers used, both organic and mineral,
as well as the degree of nitrogen utilization by plants. Nitrogen not used by plants is dispersed in the
natural environment and is a source of GHG. In the experiment, in the object where the lowest GHG
emission rate was obtained, the GHG share associated with the use of fertilizers was 46%. Increasing
the nitrogen dose increased the value of this parameter. In an object fertilized with conventional
fertilizers, at 200 kg N, it was observed that over 60% of emitted GHG came from fertilizers and
plant protection products (Figure 3). The factor that most affected the result of the GHG emission
assessment was the unreasonable use of nitrogen from mineral fertilizers. The total nitrogen uptake of
the cultivated Chinese cabbage in an object fertilized according to production practice amounted to
approx. 30% of the nitrogen dose introduced with mineral fertilizers. In the case of an object with
the slow-acting fertilizer at 108 kg·ha−1 this value was more than twice as high. The most important
element in reducing the value of the carbon footprint for the adopted system boundary was the
degree of utilization of nitrogen from mineral fertilizers. The object with the highest level of nitrogen
fertilization was the reference for individual experiment variants. The share of GHG emissions from
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soil organic matter and the distribution of harvesting residue ranged from approx. 10% to over 20%
of total GHG emissions. For individual fertilization variants, this value was slightly different and
resulted from the amount of harvesting residue and its nitrogen content.

4. Discussion

The compared production technologies differed only by the use of an innovative nitrogen fertilizer.
No modifications were made to other agricultural treatments. Fertilization is a very important element
of agricultural production technology. It shapes the size of the crop and the efficiency of using other
means of production, such as plant protection products, water used for irrigation and energy used for
growing and harvesting products. The effectiveness of fertilization ultimately affects the efficiency of
the use of production acreage and the energy efficiency of production. Unreasonable use of fertilizers
results in a decrease in nutrient utilization efficiency. Plant nutrients not absorbed during the growing
season significantly increase the impact of agriculture on GHG emissions. An important source of GHG
is the soil environment. Optimizing the use of nitrogen introduced with fertilizers is one way to reduce
GHG emissions. Liang [37] report that the use of biochar significantly increased the yield and nitrogen
utilization in reed. Reduced losses of fertilizer elements as a result of the addition of biochar were
also reported by Niemiec [38]. These authors stated that the fertilizers supplemented with biocarbon
demonstrate the functional characteristics of slow-release fertilizers. Xiao [39] reported that the use
of slow-release fertilizers in peach cultivation resulted in a reduction of the crop’s impact on GHG
emissions by 25%, while nitrogen emissions from fertilizers decreased by 50%. In turn, [36] report
that the use of fertilizers with slow release of nutrients has allowed the reduction of nitrogen oxides
directly from bamboo crops at approx. 20% to 80%. These values depended primarily on the pattern of
weather conditions. In our own research, in an object optimally fertilized with slow-release fertilizers,
the amount of nitrogen oxides emitted was 45% lower compared to an object fertilized in accordance
with production practice in the area of research. In gaseous form, these elements are emitted from the
soil surface in the form of carbon dioxide, nitrogen oxides and methane. Their amount results from
the intensification of mineralization of organic matter and the level of nitrogen fertilization. Nitrogen
compounds from organic and mineral fertilization are very important from the point of view of shaping
the level of GHG emissions [24–26]. Each experiment was treated as a separate farm, functioning in
a specific environment. Literature reports lots of data related to the calculation of the life cycle for
agriculture in a broader perspective, both spatial and temporal [5,14,29].

The results presented by these authors relate to the general values of the impact of agriculture on
the environment using specific production technologies. Life cycle assessment for strict experiments
carried out is not a commonly used element of the assessment of the environmental impact of
a production technology [39–45]. Vegetation experiments are conducted to optimize production
technology or to assess the actual effectiveness of the use of a factor of production or production
technique. Nowadays, for experiments using new fertilizers, the literature presents results related
primarily to fertilization efficiency, the amount of ingredients dispersed in the environment or the
quality of the crop. Fertilization is one of the factors impacting the level of GHG emissions and should be
considered in a broader context, along with all elements of agricultural treatments. The paper attempts
to scale the methodologies used in calculating GHG emissions for strict vegetation experiments.
The compared production technologies differed only by the use of an innovative nitrogen fertilizer.
Other elements and conditions remained unchanged. This approach allowed estimating the actual
impact of using a fertilizer characterized by a slower release of nutrients. The level of GHG emissions
is now a strategic element of agricultural characteristic and their emission from nitrogen fertilizers is
significant. Agriculture is characterized by a very low level of efficiency in the use of nutrients derived
from fertilizers, both mineral and organic. No modifications were made to other agricultural treatments.
However, introducing modifications related to fertilization technologies is problematic. Reducing
the total amount of elements introduced into the soil environment raises the risk of reducing yields,
which agricultural producers fear [7]. Liang [37] has indicated the high effectiveness of subsidizing

210



Energies 2020, 13, 2063

technological innovations in agricultural production in terms of limiting the negative impact on the
environment [46–54]. Linking subsidies with pro-environmental measures in agriculture can bring
positive effects in reducing GHG emissions.

5. Conclusions

The use of slow-release fertilizers resulted in a greater marketable yield of cabbage compared to
conventional fertilizers. From the environmental and production point of view, the most favorable
variant is the one with 108 kg N·ha−1 slow-release fertilizers. At a higher dose of this element, no
increase in crop yield was observed. Fertilizing Chinese cabbage with slow-release fertilizers at 108 kg
N·ha−1 resulted in a 30% reduction in total GHG emissions per functional unit, compared to fertilization
in accordance with production practice. With slow-release fertilizers, fertilization GHG emissions were
reduced by approx. 50% per functional unit of the produce. Efficiency of fertilizer nitrogen use is an
important element shaping the level of agricultural GHG emissions.

The use of slow-release fertilizers should be promoted in agricultural production, since, if used
rationally, they can reduce GHG emissions and climate change.
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draft preparation: M.N., J.S., M.K. (Monika Komorowska) visualization, Z.G.-S., A.S.-S., M.K. (Maciej Kuboń).
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Karcz, J. Impact of Integrated and Conventional Plant Production on Selected Soil Parameters in Carrot
Production. Sustainability 2019, 11, 5612. [CrossRef]
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Fiber and Conjugated Fatty Acids as Functional Food Ingredients against Overweight and Obesity. Natl.
Prod. Commun. 2018, 13, 1073–1082. [CrossRef]
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Abstract: This work proposes a comprehensive approach to modifying the design of wood stoves
with a heating power up to 20 kW, including design works, simulations, and experimental research.
The work is carried out in two stages. In the first part, a numerical model is proposed of the fireplace
insert including fluid flow, the chemical combustion reaction, and heat exchange (FLUENT software
is applied to solve the problem). The results of the simulation were compared with the experiment
carried out on the test bench. A comparison of the experimental and numerical results was made for
the temperature distribution along with the concentration of CO, CO2, and O2. Construction changes
were proposed in the second stage, together with numerical simulations whose goal was an increase
in the efficiency of the heating devices. The results obtained show that the average temperature in
the chimney flue, which has a low value that is a determinant of the higher efficiency of the heating
devices, was reduced relative to the initial design of the fireplace intake by 11%–16% in all cases.
The retrofit enhanced stable heat release from the wood stove, which increased the efficiency and
reduced the harmful components of combustion.

Keywords: CFD; combustion simulation; stove; thermal measurements

1. Introduction

Renewable energy sources are an interesting alternative to fossil fuels, but their ecological effect is
determined by the technology involved in their use in the production of heat or electricity. Resources
of renewable energy sources, including biofuels, remain the subject of numerous analyses and scientific
research works in many countries [1,2]. The combustion of wood remains one of the most popular
sources of renewable energy in domestic appliances. Increasing environmental pollution and growing
public awareness are among the main reasons for interest in renewable energy sources and the
increase in scientists’ efforts in the well-known energy conversion process. Burning biomass does
not contribute to the greenhouse effect because burning wood releases the same amount of carbon
dioxide into the atmosphere as plants absorb. The use of hearth-type fireplace inserts with manual
fuel loading causes a high risk, and installations designed in accordance with the requirements of the
relevant standards (given in the European document—Ecodesign) may not meet the environmental
requirements. Tightening the environmental standards contributes to continuous work aimed at
improving the performance of all devices admitted to trading in the EU. The requirements of the
Ecodesign standard for fireplace inserts mainly relate to the value of CO and NOx emissions and
conducting the combustion process with high energy efficiency, as the high efficiency is strictly
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connected with low-emission combustion processes. Fireplace inserts are characterized by their
simplicity of construction. Nevertheless, intensive research work in various areas connected with
fireplaces has been observed.

Fireplaces are considered one of the parts of a micro energy system (MES), wherein multicriteria
optimization is often utilized for the best management, i.e., the best environmental sustainability and
lowest carbon emissions [3]. The fireplace as a source of heat can be included as an option when
there is uncertainty about the MES, which is sometimes caused due to photovoltaic and wind power.
Multicriteria optimization in the case of the bioeconomy is considered to support decision-making on
residential heating alternatives. Taking into consideration the growth of the wood market, traditional
log fireplaces are being replaced by pellets and wood stoves [4]. This article presents the fireplace as
a heat source with an influence on the environment that is similar to the influence of wood stoves.

Research works have been carried out by both enterprises and research centers [5]. Some of
the works are related to the modification of refractory materials used for the lining of combustion
chambers, or the construction of external fireplace inserts [6]. The simplicity of design does not
exclude work related to new air distribution solutions in the combustion chamber, which is crucial
for ensuring minimum CO emissions [7]. The specificity of the product (fireplace inserts), as well as
the increasingly popular design of fireplace inserts for individual consumer requirements, results in
the need for continuous design work and rapid prototyping of new construction solutions. Detailed
rules for the admission into the market of new constructions are defined by national and European
standards. Numerical modeling is becoming an important element of the time limitation in the design
of new constructions adhering to the tightened environmental standards. The process of numerical
modeling of combustion processes and heat exchange in heating installations with manual fuel loading
solves a number of problems related to the work cycle and the lack of automation of the process itself.
The authors of [8–10] suggest a different method of numerical calculation for fireplaces up to 20 kW.
Some authors [9] proposed only calculating the flow with the heat exchange where the wood logs
are treated as a source of gas and heat, arguing that heat transfer is key to the final efficiency of the
heating device. Utilizing only gas reactions in the fireplace is considered in [10]. This simplification
can be correct with the assumption that the wood consists of 70–80% volatile parts. The authors of [8]
proposed a more advanced simulation method of burning processes, considering solid and volatile
components as well as the moisture naturally occurring in the wood.

The development of new construction solutions requires the use of both numerical models for fast
prototyping and experimental research, which for this class of heating constructions should not be
complicated or expensive. The research covered experimental and computational activities and the
objective was to determine possible design improvements of a wood-open fireplace to minimize the
total environmental impact. Two models of fireplaces with the same power will be introduced, with
a difference in geometry.

2. Calculations and Experimental Research

The work was carried out in two stages. In the first part, a numerical model was proposed
along with experimental tests of the fireplace insert, Case 0 (Figure 1), placed on the testing bench.
The purpose of this stage was a preparation of a numerical tool to understand the physical-chemical
process. A numerical model was prepared for a fireplace insert with manual fuel loading and a lockable
furnace door with dimensions of 930 × 630 × 490 mm (Figure 1). Numerical simulations of the fluid
flow, chemical combustion reaction, and heat exchange were performed by means of Fluent software
of the Ansys INC (version 16.2) [11]. According to the construction data, the nominal power is 12 kW
with a thermal efficiency of 70%. The outer casing was made of high-quality steel, the lining of the
combustion chamber was chamotte, and the deflector was made of vermiculite. A numerical simulation
was designed for the proposed fireplace insert to reflect the real operating conditions of the installation.
From the simplified geometry of the fireplace insert, a solid was extracted as the computational domain
and four cuboidal elements were added, being a model of wood logs (Figure 1b). For the prepared
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geometry, a tetrahedral numerical grid was prepared with a size of approx. 4 million elements.
According to [5,8,10], for modeling combustion processes, the Finite-Rate/Eddy-Dissipation model [11]
was used with the system of Equations (1)–(6): a two-variant turbulence model k–ε, where k is the
turbulence kinetic energy, and ε is the dissipation rate [11], and radiation model DO [11]. A deciduous
wood, hornbeam, was assumed as the fuel both during the experiment and in the simulation. Its
composition is given in Table 1. In order to mimic the wood log in the model, it was assumed that it
consists of the following:

• The outer part: this is the source of gas corresponding to the part of the volatile component of the
wood. Volumetric reactions are represented by Equations (1) and (2):

C1.09 H2.1 O0.91 + 0.617·O2 → 1.097·CO + 1.054·H2O (1)

CO + 0.5·O2 → CO2. (2)

• The inner part corresponds to the part of the solid component of the wood, on the surface of
which the reactions described by Equations (3)–(6) take place:

C(s) + 0.5·O2 → CO (3)

C(s) + CO2 → 2CO (4)

C(s) + H2 O→ H2 + CO (5)

H2 + 0.5O2 → H2O. (6)

The stoichiometric coefficients for modeling the homogenous reaction (Equation (1)) have been
calculated using a mass balance to each of the volatile element species, i.e., C, O, and H. Data on the
assumed burning time, as well as the amount of wood (with the composition given in Table 1), were
determined according to the experiment prepared earlier. When defining the model, the following
were assumed: the vacuum at the outlet to the chimney was equal to −10 Pa; the fuel weight during the
66 min of the burning cycle was 3.92 kg, and the value of the throttle opening was 50%. The fuel mass
assumed in the model was divided into 3960 s, which corresponds to 66 min of combustion in real
conditions. An experiment was carried out following the norm [12] that determines that measurements
should be taken throughout the entire burning process. The measurement was made on a laboratory
test bench equipped with the following:

1. a flue gas analyzer recording the negative pressure, temperature, and flue gas composition (CO,
CO2, and O2) in the chimney at a set distance from the outlet from the fireplace insert (Figures 2
and 3a);

2. a thermal camera registering the temperature on the surface of the walls and on the glass of the
fireplace insert (Figure 3b); and,

3. a set of thermocouples recording temperature at the walls in the furnace chamber (Figures 3a and 4).
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Table 1. Basic properties of wood.

Item Value

Proximate analysis (wt %)

Moisture 13.00
Volatile matter 73.08
Fixed carbon 13.92

Ultimate analysis (wt %) DAF

Carbon 52.91
Hydrogen 5.95

Oxygen 41.14

  
(a) (b)  

Figure 1. (a) View of the fireplace insert; (b) wood model (Case 0) [13].

 
Figure 2. The facility of the testing bench: 1 fireplace insert with thermocouples, 2, 4 data acquisition
units, 3 a vertical smoke conduit with mounted measuring section, 5 thermal camera, 6 electronic scale.

   
(a) (b)  (c) 

Figure 3. Testing bench facility, experiment: (a) fireplace with mounted thermocouples, (b) the view
from the thermal imaging camera, (c) burning process [13].
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Figure 4. Diagram of three thermocouples’ placement in the fireplace insert chosen for the comparative
study (Case 0).

The next stage of the work was the introduction of structural changes leading to the higher
efficiency of the device. For this purpose, a second numerical model was prepared covering the
structural changes. It was assumed that the structural changes should be directed at increasing the
heat exchange surface with the environment. Based on the measurement results of exhaust emissions,
temperature, and simulation results obtained at the stage of preparation of the numerical model
(Case 0), we decided to analyze several design options. The first of these (Case 1) consisted of extending
the flue (Figure 5a), whose task was to extend the exhaust gas path and create an additional surface
ensuring heat exchange with the environment. The second one (Case 2) assumed the addition of
through channels (Figure 5b), whose purpose was to increase the heat exchange surface and disconnect
the channels supplying additional air on the rear wall of the fireplace insert to simplify the design.
The third (Case 3) assumed leaving the extended flue with through channels and leaving the channels
supplying additional air on the rear wall of the fireplace insert (Figure 5c).

The chimney loss remains crucial in the final balance of thermal efficiency of the fireplace insert [12],
expressed according to Equation (7):

η = 100 − (qa + qb), (7)

where qa is the relative flue gas loss and qb is the relative loss of incomplete combustion.
Relative flue gas loss is directly proportional to the flue gas temperature in the chimney [12],

which is why, in the analysis of fireplace insert design modification, it was decided to minimize the
flue gas temperature in the chimney while maintaining CO emissions at the same level with the same
fuel expenditure. The calculations were carried out using the numerical modeling technique from the
first stage of the work (Case 0). The fuel output, vacuum in the chimney flue, and other boundary
conditions were the same as in the first model (Case 0).
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Figure 5. Three designs for a modified fireplace insert construction (Cases 1, 2, and 3) with marked
structural elements that have been modified.

3. Simulation and Results

The degree of the simplification of the numerical model required conducting a parallel experiment
at the laboratory stand for the first numerical model of the fireplace (Case 0). Two sets of data were
analyzed, i.e., the composition of exhaust in the chimney, as well as the temperature values indicated
by the thermocouples (Figures 6–8). Analyzing the results for the full work cycle of the fireplace insert,
i.e., 66 min, it can be seen that, 15 min after the fireplace starts burning, there is a period between
15 and 45 min in which the operating conditions of the heating system are stabilized. The heating
system reaches the highest flue gas temperature at the 45th min, after which the burning-off stage
begins until the available fuel is consumed. Therefore, data from the numerical model (Case 0) were
referred to for the period of stable operation (between 15 and 45 min). Table 2 presents the results of
measurements and simulations in the chimney (Case 0). These are the results for the outlet plane to the
chimney. In addition, the temperature values for three thermocouples, located as depicted in Figure 4,
were compared (Figure 9). It is worth noting that the individual values are at a similar level and are
subject to differences of several percentage points. Such differences may be acceptable considering
the model simplifications that were made and the complex nature of the phenomena occurring in the
said installation. The next stage of the work was to introduce construction changes leading to higher
device efficiency. Based on the measurements taken and the results of simulations obtained at the stage
of preparing the numerical model, a structural variant involving a change in the flue geometry was
analyzed. Our task was to extend the route of the flue gas and create an additional surface to ensure
the exchange of heat with the surroundings by swirling the exhaust stream.
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Figure 6. Vacuum in the combustion chamber and exhaust gas temperature during the full combustion
cycle (Case 0).

Figure 7. The concentration of O2 and CO in the exhaust gas during the full combustion cycle (Case 0).

Figure 8. Change in temperature as a function of time for the three thermocouples (1, 2, and 3) shown
in Figure 4, which register the exhaust gas temperature flowing around the deflector (Case 0).
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Table 2. Measurement and simulation data acquired in the chimney.

Item
Experiment (Case 0)

Minimum Value
Experiment (Case 0)

Maximum Value
Simulation (Case 0)

Temperature, ◦C 348 416 447
Mole ratio O2, % 11.61 12.69 11.1

Mole ratio, CO2, % 8.1 8.87 8.47
Mole ratio, CO, % 0.1 0.12 0.05

Vacuum, Pa 9.9 11.63 10

Figure 9. Temperature values (◦C) comparison of the three thermocouples obtained from measurement
and simulation (Case 0).

Figures 10–12 present the distribution of gas molecules along the temperature scale, as well as
the predicted CO and O2 concentrations in selected areas of the fireplace insert. The gas molecules
in Figure 10a (Case 0) confirm the vertical flame propagation that could be observed during a bench
experiment (Figure 3c). In the modified constructions, the redesigned flue gas chamber facilitates
elongation of the exhaust gas path in the temperature zone, ensuring the combustion of the remaining
combustible gases in the exhaust gas and minimal CO emission to the chimney. The obtained swirling
of exhaust causes intense heat exchange with the environment and thus a reduction in the temperature
of the flues in the chimney, which is directly related to the improvement of the efficiency of the
modified fireplace insert. In both cases (Case 1 and Case 3), it should be emphasized that the holes
in the back wall of the focal chamber fulfill their role of eliminating zones with a high concentration
of CO. This treatment is necessary because the furnace chamber is characterized by large changes
in temperature and the resulting lower temperature zone and high CO concentration can affect the
emission standards obtained in the chimney. A comparison of the temperature in the chimney flue for
all three variants of the modified structure (Figure 13) indicates that the most advantageous solution is
the last design (Case 3). Figure 14 shows the final proposal for the fireplace insert (Case 3), together
with a visualization of the swirl of exhaust gases that intensifies heat exchange with the environment
heating installation. The recommended structural changes contribute to improving the efficiency of
the final heating device.
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(a) (b) (c) (d) 

Figure 10. Path of the gas molecules and change of the temperature (◦C) in the fireplace insert
combustion chamber for: (a) Case 0, (b) Case 1, (c) Case 2, (d) Case 3.

   
(a) (b) (c) (d) 

Figure 11. Concentration of CO (mole fraction) for (a) Case 0, (b) Case 1, (c) Case 2, (d) Case 3.

Figure 12. Concentration of O2 (mole fraction) for (a) Case 0, (b) Case 1, (c) Case 2, (d) Case 3.
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(a) (b) 

Figure 13. Comparison for the analysis structural variants of the fireplace insert (in the outlet plane of
the fireplace for (a) temperatures; (b) O2 and CO2 emissions.

Figure 14. Gas particle paths in the fireplace (Case 3)—temperature scale (◦C).

4. Conclusions

The need to implement many models of heating installations up to 20 kW with similar parameters
under systematically tightened environmental standards means that numerical modeling of combustion
processes and heat exchange is becoming an interesting method of rapid prototyping. The proposed
computational technique, despite the introduction of model simplifications, allows for obtaining
numerical data to lead to new construction designs within a few hours with the assumption of
a numerical grid of 3–4 million elements. The obtained results show that the average temperature in
the chimney flue was reduced relative to Case 0 by 11%–16% in all cases. Comparing the modified
construction (Case 3) and the initial variant (Case 0), the design changes in the final design were
recommended. The redesign of the smoke conduit to increase the heat exchange surface and flue gas
turbulence, as well as modification of the air supply ducts to the rear wall of the combustion chamber,
contributed to the lowering of the flue gas temperature, and thus the reduction of the chimney losses
of the installation. Transient CFD simulations of log-fired stoves can be part of further research.
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