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Abstract

:

This article presents the results of a three-year experiment (2018–2020) conducted at the Agricultural Experiment Station in Bałcyny (north-eastern Poland) with the aim of determining Jerusalem artichoke (JA) yields and the energy balance of biomass production in (i) a perennial cropping system (only aerial biomass was harvested each year) and (ii) an annual cropping system (both aerial biomass and tubers were harvested each year). When JA was grown as a perennial crop, the demand for energy reached 25.2 GJ ha−1 in the year of plantation establishment and 12.3–13.4 GJ ha−1 in the second and third year of production. The energy inputs associated with the annual cropping system were determined in the range of 31.4–37.1 GJ ha−1. Biomass yields were twice as high in the annual than in the perennial cropping system (20.98 vs. 10.30 Mg DM ha−1). Tuber yield accounted for 46% of the total yield. The energy output of JA biomass was 1.8 times higher in the annual than in the perennial cropping system (275.4 vs. 157.3 GJ ha−1). The average energy gain in JA cultivation ranged from 140 (perennial crop) to 241 GJ ha−1 (annual crop). The energy efficiency ratio of JA biomass production reached 7.7–13.3 in the perennial cropping system, and it was 20% lower in the annual cropping system. These results imply that when JA was grown as an annual crop, an increase in energy inputs associated with plantation establishment (tillage and planting) and the harvest and transport of tubers was not fully compensated by the energy output of tubers.
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1. Introduction


Crude oil is the main source of energy worldwide with an estimated 31% share of primary energy consumption [1]. Oil and other fossil fuels (coal and gas) are the leading sources of greenhouse gas emissions which are responsible for the current climate crisis. According to Shafiee and Topal [2], oil is being depleted more rapidly than any other non-renewable energy resource. The decrease in fossil fuel reserves and their uneven distribution pose a threat to global energy security [1,3,4]. In regions deprived of fossil fuel deposits, supply chains can be also disrupted by pandemics and military, political, and trade conflicts [5,6,7].



Security concerns linked with climate change and vanishing energy reserves have prompted many countries to diversify their energy sources [8] and transform their energy sectors [9]. Successful energy transition depends on the growth of the renewable energy market, labor market policies, and changes in consumption patterns. The development of different segments of the renewable energy market is determined mainly by geographic location, climate, and economic and technological factors [9].



Biomass and hydraulic and wind power are the leading sources of renewable energy worldwide [10]. The energy derived from biomass represents 15% of total primary energy supply. The share of biomass energy in the overall energy balance is strongly differentiated (from 2–3% to even 35%) by a region’s economic development (industrialized countries vs. developing countries) [8]. In the European Union (EU), biomass energy accounts for 10% of total primary energy and 60% of renewable energy [11]. Biomass is the leading renewable source of thermal energy (75%) in the EU countries [12]. In Poland, renewable energy is generated predominantly from biomass (80–86%), and the share of solid, liquid, and gaseous biofuels has been estimated at 69–76%, 8%, and 2.5%, respectively [13,14].



The global supply of biomass is estimated at 56 EJ, where solid biomass accounts for 86%, liquid biofuels for 7%, municipal and industrial waste for 5%, and biogas for 2% of total biomass consumption [8]. According to the International Renewable Energy Agency, biomass consumption will increase to 108 EJ in 2030 [15]. Lignocellulosic energy crops are the leading source of biomass, and their supply is fairly balanced around the world (excluding regions with extreme climates that do not support plant growth) [16]. As a result, these crops are a valuable source of renewable energy not only on the regional, but also on the global scale [16]. Lignocellulosic biomass has a number of advantages in renewable energy generation: (i) it can be utilized in distributed energy systems with short supply chains [17], (ii) lignocellulosic crops easily adapt to diverse environments, (iii) lignocellulosic crops sequester large amounts of carbon [18], (iv) effective technologies for the production lignocellulosic biomass have been developed, (v) lignocellulosic biomass can be easily preserved and stored for long periods of time [19], and (vi) low cost of electricity generation compared with other renewable energy sources (photovoltaics and wind turbines) [20]. Research on the sustainable use of energy from agricultural biomass (dedicated lignocellulosic crops) is conducted as part of the United Nations Sustainable Development Goals (SDGs) [21,22,23]. Blair et al. [21] demonstrated that the supply of biomass for bioenergy production could directly contribute to achieving SDG 7 (Affordable and Clean Energy), i.e., ensuring access to safe, affordable, sustainable, and modern energy sources, which is a prerequisite for improving living conditions, public health and education services, and promoting economic growth. In practice, the SDGs can be achieved by increasing the share of renewable energy in the global energy mix, improving energy efficiency, and developing new technologies for supplying sustainable energy services [21,22]. According to Blair et al. [21], the supply of biomass (including agricultural biomass) may also directly contribute to achieving SDGs: 8 (Decent Work and Economic Growth), 9 (Industry, Innovation, and Infrastructure), 12 (Responsible Production and Consumption), and 2 and 6 (Zero Hunger and Clean Water and Sanitation, respectively). In turn, the development of bioenergy systems in areas with a low degree of urbanization/rural areas can indirectly contribute to achieving social SDGs: 1 (No Poverty), 4 (Quality Education), 5 (Gender Inequality), and 10 (Reduced Inequalities) [21]. In the opinion of Güney and Kantar [23], an increase in biomass energy consumption can increase the level of per capita sustainable development.



In the EU countries, forests, organic waste, and dedicated energy crops are the main sources of biomass for renewable energy generation [18,24]. In the production of agricultural biomass, dedicated energy crops have to be characterized by high yields, low soil requirements (plants that can be grown on marginal land to decrease competition with food crops), low agronomic requirements (low demand for agricultural resources), and high energy gain (EG) [19,25,26]. These requirements are met by fast-growing shrubs and trees (willow, Salix spp.; poplar, Populus spp.; black locust, Robinia pseudoacacia L.), perennial grasses (giant miscanthus, Miscanthus × gigantheus Greef et Deu.; Amur silvergrass, Miscanthus sacchariflorus L.; prairie cordgrass, Spartina pectinata Bosc.; switchgrass, Panicum virgatum L./Poiret; big bluestem, Andropogon gerardii Vitman), and herbaceous crops (Virginia fanpetals, Sida hermaphrodita L./Rusby; Jerusalem artichoke, Helianthus tuberosus L.; willowleaf sunflower, Helianthus salicifolius L.; cup plant, Silphium perfoliatum L.; hemp, Cannabis sativa L.; fodder galega, Galega orientalis Lam.; Sakhalin knotweed, Polygonum sachalinense F. W. Schmidt ex Maxim.) [27,28,29,30].



Jerusalem artichoke (JA) is a lignocellulosic herbaceous crop with a high potential for bioenergy generation [31,32,33,34]. This plant species is native to central-eastern North America [31,35], and it has been naturalized within a latitude range of 40° N to 55° N [32]. Jerusalem artichoke is a herbaceous short-day plant and a spring crop with a C3 photosynthesis pathway [31,36]. This geophyte produces tubers that are abundant in inulin (500–860 g kg−1 dry matter, DM; 80–97% total sugar content) [34,37,38,39,40] and highly resistant to low temperatures [35,36,41]. Tubers can persist in soil at temperatures as low as −50 °C [42]. Due to the superior cold resistance of its tubers, JA can be grown as a perennial crop [43,44], even in regions with extreme weather conditions during winter dormancy (Alaska, Siberia, northern Scandinavian regions) [35,37,42,45,46]. Jerusalem artichoke has a lifespan (regrowth capacity of aerial biomass) of up to 15–20 years [43,44]. The growing season of JA lasts from mid-April to mid-November [44,47]. Aerial plant parts dry out and die in fall in early cultivars, but they can persist until winter in late cultivars [48]. Jerusalem artichoke is confined to small areas in nature, and most of its wild relatives are characterized by low yields and are not suitable for cultivation. Jerusalem artichoke occupies large areas only in energy plantations [44].



On average, the dry matter yield (DMY) of JA aerial biomass and tubers is determined at 20–50 and 10–30 Mg ha−1, respectively [46,49,50,51]. Jerusalem artichoke has considerable potential for bioenergy production due to its high biomass yields and diverse sources of raw material (tubers and lignocellulosic aerial biomass which contains 31% of cellulose and hemicellulose, and 16% of lignin) [32,43,50,52]. Aerial biomass is a valuable resource in the production of solid fuels [36,53,54], biogas, and bioethanol [32,36,55,56,57,58]. Tubers are also used in the production of biogas and bioethanol [32,36,44,55,56,57,58]. Aerial biomass and tubers are also processed into bioproducts in biorefineries [34,36,52,56]. The aerial biomass of JA also constitutes valuable alternative raw material in the production of fiberboards and particleboards [36,58].



The energy output (EO) of aerial biomass that can be utilized in the renewable energy sector is estimated at 70–360 GJ ha−1 y−1 [30,33,49,58,59,60]. Under favorable agroecological conditions, the EO of JA aerial biomass can be as high as 495 GJ ha−1 y−1 [61]. According to Jankowski et al. [33,62,63] and Dubis et al. [64], the EO of JA aerial biomass is similar to that noted in sweet sorghum (Sorghum bicolor L./Moench) (194–336 GJ ha−1 y−1), G. orientalis (122–270 GJ ha−1 y−1), S. hermaphrodita (52–212 GJ ha−1 y−1), H. salicifolius (109–175 GJ ha−1 y−1), S. perfoliatum (65–196 GJ ha−1 y−1), P. sachalinense (60–88 GJ ha−1 y−1), and C. sativa (100–296 GJ ha−1 y−1). When JA is grown as an annual crop, the EO of total harvested biomass (aerial biomass and tubers) reaches 185–253 [60] to 360–585 GJ ha−1 y−1 [53,65], which is comparable to that of Salix spp., Populus spp., M. giganteus, and maize (Zea mays L.) (212–565 GJ ha−1 y−1) [25,28,66,67,68,69,70]. The energy efficiency ratio (EER) of the production technology of JA in annual (aerial biomass and tubers) and perennial (aerial biomass only) cropping systems has never been examined in the literature. Due to the absence of published data, it also remains unknown whether the increase in the EO of JA grown as an annual crop exceeds the increase in energy input (EI) associated with plantation establishment (tillage and planting) and tuber harvest in each year. To fill in this knowledge gap, the present study was undertaken to determine a more energy-efficient cropping system (annual vs. perennial) for JA grown in north-eastern Poland (central-eastern Europe). Research on the sustainable use of JA biomass energy can contribute to (i) increasing energy production efficiency by identifying the most effective method of crop management in order to reduce the use of natural resources and greenhouse gas emissions, and (ii) minimizing the negative environmental impact of JA cultivation by identifying energy processes that require less primary energy.



The aim of this study was to determine the influence of perennial (only aerial biomass was harvested) and annual (both aerial biomass and tubers were harvested) cropping systems on the biomass yield (fresh matter yield and DMY) and the energy balance of JA production technology (EI, EO, EG, and EER).




2. Materials and Methods


2.1. Field Experiment


The experiment was conducted from 2018–2020 at the Agricultural Experiment Station (AES) in Bałcyny (53°35′46.4″ N, 19°51′19.5″ E, north-eastern Poland). The station is part of the University of Warmia and Mazury in Olsztyn. The experimental variable was the JA cropping system: (i) perennial (only aerial biomass was harvested) and (ii) annual (both aerial biomass and tubers were harvested). The experiment had a randomized block design (RBD) with three replications, and it was established on Haplic Luvisol originating from boulder clay [71]. Harvested plot size was 13.5 m2 (6.0 m by 2.25 m). The preceding crop was winter oilseed rape (Brassica napus L.). The chemical properties of the soil and the chemical analysis methods are presented in Table S1. Agronomic treatments are briefly described in Table 1.



Weather data (mean daily temperature and total precipitation) were acquired with the use of the PM Ecology automatic weather station (PM Ecology Ltd., Gdynia, Poland) in the AES in Bałcyny. The Selyaninov hydrothermal index was calculated in each growing season [72] (Equation (1)). The Selyaninov hydrothermal index measures effective precipitation in a given period, and it is calculated as the ratio of precipitation to evaporation, which is determined mainly by mean daily temperature.


  K =   Σ P   Σ ( T × 0.1 )    



(1)




where:




	
K–Selyaninov index (K: 0–0.5—extreme dry spell, 0.6–1.0—dry spell, 1.1–2.0—humid spell, >2.1—wet spell),



	
ΣP—total precipitation in the analyzed period,



	
ΣT—total mean daily temperature in the analyzed period,



	
0.1—constant.









2.2. Energy Input Analysis


The EIs associated with JA cultivation in the analyzed cropping systems were determined in the experimental fields of the AES in Bałcyny. The fields are situated at a distance of 0.8 km from the AES (and this distance was included in the calculation of EIs associated with transport). Energy inputs were determined based on diesel oil consumption and the performance and operating time of agricultural machines (Table S2). The energy equivalents for calculating EIs in JA production technologies are presented in Table 2. The total EI was defined as the total consumption of energy associated with labor, fuel, tractors and farming machines, and agricultural materials (Equation (2)).


EI = EId + EIf + EIm + EIl



(2)




where:




	
EI—total energy input for Jerusalem artichoke production technology (GJ ha−1),



	
EId—energy input for diesel fuel consumption (GJ ha−1),



	
EIf—energy input for fixed assets (GJ ha−1),



	
EIm—energy input for materials (GJ ha−1),



	
EIl—energy input for human labor (GJ ha−1).









2.3. Biomass Yields


The fresh matter yield (FMY) of aerial biomass and tubers was determined by weighing immediately after harvest. The DM content of the harvested aerial biomass and tubers was determined by drying 1 kg samples at a temperature of 105 °C until constant weight in a ventilated oven FD 53 (Binder GmbH, Tuttlingen, Germany). The DM content of the harvested biomass was calculated with the use of Equation (3). The DMY of aerial biomass and tubers was calculated with the use of Equation (4).


  W =   (   M   w   −   M   d   )     M   w     × 100  



(3)




where:




	
W—moisture content (%),



	
Mw—wet sample weight, before drying (g),



	
Md—dry sample weight, after drying (g).










  DMY   ( Mg    ha  − 1   ) =   F M Y   ( Mh   ha   − 1   ) × D M ( % )   100    



(4)




where:




	
DMY—dry matter yield (Mg ha−1),



	
FMY—fresh matter yield (Mg ha−1),



	
DM—dry matter content (%).









2.4. Energy Output Analysis


To determine EO, 40 g samples of aerial biomass and tubers each were ground in a zero-waste analytical mill A11 basic (IKA-Werke GmbH & Co. KG, Staufen, Germany) [74]. The higher heating value (HHV) of aerial biomass and tubers was determined by adiabatic combustion in a calorimeter C 6000 (IKA-Werke GmbH & Co. KG, Staufen, Germany) with the use of a dynamic method [75]. The lower heating value (LHV) was calculated with the use of the equation proposed by Kopetz et al. [76] (Equation (5)). The EO of aerial biomass and tubers was determined with the use of Equation (6).


  LHV =   H H V × ( 100 − W )   100   − W × 0.0244  



(5)




where:




	
LHV—lower heating value of aerial biomass or tubers determined on a wet basis (MJ kg−1),



	
HHV—higher heating value of aerial biomass or tubers determined on a dry basis (MJ kg−1),



	
W—moisture content of aerial biomass or tubers (%),



	
0.0244—correction coefficient for water vaporization enthalpy (MJ kg−1 per 1% moisture content).










EO (GJ ha−1) = LHV (GJ Mg−1) × FMY (Mg ha−1)



(6)








2.5. Energy Gain and the Energy Efficiency Ratio


The energy balance in the evaluated JA production technologies was determined by calculating EG (Equation (7)) and the EER (Equation (8)).


EG (GJ ha−1) = EO (GJ ha−1) − EI (GJ ha−1)



(7)






  ERR =     E O ( G J   h a   − 1   )     E I ( G J   h a   − 1   )    



(8)








2.6. Statistical Analysis


The values of FMY, DM, DMY, LHV, EO, EG, and the EER were processed by analysis of the ANOVA randomized block design model. Treatment means were compared by Tukey’s honest significant difference (HSD) test. All analyses were performed in the Statistica 13 program [77]. The F-values in ANOVA are presented in Table S3.





3. Results


3.1. Weather Conditions


In all years of the study, the mean annual temperature exceeded the long-term average (7.9 °C) by 1.5–1.8 °C (Figure 1). In all growing seasons, annual precipitation approximated the long-term average (587 mm). In the first and third year of the experiment, precipitation levels were 11% and 5% lower than the long-term average, respectively. In the second year of the study, precipitation levels exceeded the long-term average by 10%. Weather conditions during the growing season (April–October) play a very important role in the development of spring crops. In the first and second year of the experiment (2018 and 2019), the mean daily temperature during the growing season exceeded the long-term average by 2.5 °C and 1.2 °C, respectively. In the third year of the study (2020), the mean daily temperature between April and October approximated the long-term average (13.5 °C). The highest precipitation (460 mm) was noted in the second growing season. In the remaining years, precipitation was 9% lower (year 1) or similar (year 3) to the long-term average (415 mm) (Figure 1).



Rainfall distribution in the growing season varied significantly across years (Table 3). The most supportive weather conditions for the development of JA plants were noted in the first two years of the study. In these years, the values of the Selyaninov hydrothermal index were optimal (K = 1.19–1.58) or highly favorable (K = 2.26) in June and July (a period characterized by rapid growth of aerial biomass and tuber formation). In the third growing season, June was an extremely dry month (K = 0.54), and July was a dry month (K = 0.71) (Table 3).




3.2. Energy Inputs


In the year of plantation establishment, the EIs associated with JA cultivation as a perennial crop (only aerial biomass was harvested) reached 25.2 GJ ha−1, where planting and mineral fertilization accounted for 32% and 35% of the total EI, respectively (Table 4). Energy inputs were 47–51% lower in years 2 and 3 (no tillage or planting operations) than in the year of plantation establishment. In these years, mineral fertilization was the predominant agricultural input that accounted for 65–72% of the total EI. The EIs associated with JA cultivation as an annual crop (both aerial biomass and tubers were harvested) reached 31.5–37.1 GJ ha−1 and were from 1.5 (2018) to 2.7 times higher (2019, 2020) than in the perennial cropping system (only aerial biomass was harvested). In the annual cropping system, the most energy-intensive operations were the harvest and transport of aerial biomass and tubers (34–44% of the total EI), followed by fertilization (24–28%) and planting (22–26%) (Table 4).



An analysis of energy fluxes revealed that agricultural materials exerted the greatest influence on the structure of EIs in the JA production technology (43–71% of the total EI), regardless of the cropping system (annual vs. perennial) (Table 5). Agricultural materials had a particularly high share of the total EI (63–71%) when JA was grown as a perennial crop. In JA cultivation as an annual crop (both aerial biomass and tubers were harvested), the predominant EIs were agricultural materials (43–50%), followed by diesel oil (29–34%) and tractors and agricultural machines (19–21%). In this cropping system, the high share of diesel oil and agricultural machines in the total EI can be attributed to tuber harvesting and transport which are highly energy-intensive operations (Table 5).




3.3. Biomass Yield


The FMY of JA aerial biomass was determined in the range of 17.0 to 41.5 Mg ha−1. Total FMY (aerial biomass and tubers) reached 45.0–93.5 Mg ha−1 (Table 6), and tubers accounted for approximately 58% of that value (Figure 2A). The average FMY of JA was 2.4 times higher in the annual than in the perennial cropping system (73.4 vs. 30.2 Mg ha−1) (Table 6). Weather conditions strongly differentiated FMY, regardless of the cropping system (annual vs. perennial) (Table S3). The FMY of aerial biomass and tubers was lowest in the third year of the experiment when June and July were very dry months. The highest FMY was noted in years 1 and 2, which were characterized by favorable weather conditions in critical growth periods (June and July) (Table 3 and Table 6).



The DM content of JA aerial biomass was determined at 345–364 g kg−1, and it was 34–37% lower on average in tubers (Table 7). The DM content of JA biomass was not differentiated by weather conditions across years (Table S3).



The DMY of aerial biomass and total DMY (aerial biomass and tubers) were highest in the first and second year of the study (11.2–13.75 and 23.42–26.65 Mg ha−1 DM, respectively) (Table 8). Biomass yields were 50% lower in year 3 due to a dry spell in June and July. On average, the DMY of biomass harvested during the entire experiment was twice as high in the annual than in the perennial cropping system (20.98 vs. 10.30 Mg ha−1 DM) (Table 8). Tuber DMY accounted for 46% of the total DMY (aerial biomass and tubers) on average (Figure 2B).




3.4. Energy Output


On average, LHV was 2.6 times higher in JA aerial biomass than in tubers (4.01–4.44 vs. 1.63 MJ kg−1) (Table 9). This difference can be attributed to the higher moisture content of tubers relative to aerial biomass (229 vs. 345–364 g kg−1 DM) (Table 7). The LHV of aerial biomass and tubers was not significantly differentiated by weather conditions (Table S3).



The EO of JA biomass was highest in the first and second year of the study, regardless of the cropping system (Table 10). This parameter was 43–48% lower in year 3 (a dry spell in critical growth stages decreased the values of FMY and DMY; Table 3, Table 6 and Table 7). The EO of JA was 1.8 times higher in the annual than in the perennial cropping system (275.4 vs. 157.3 GJ ha−1). The EO of JA tubers accounted for 33% of the total EO (Figure 2C).




3.5. Energy Gain and the Energy Efficiency Ratio


The average EG in JA biomass production ranged from 140 (perennial crop) to 241 GJ ha−1 (annual crop) (Table 11). The first two years of the study were characterized by the highest EG. Energy gain was nearly twice as high in years 1 and 2 than in year 3 (Table 11).



The EER was determined at 7.7–13.3, depending on weather conditions, when JA was grown as a perennial crop, and it was 20% lower when JA was grown as an annual crop (Table 12). This indicates that the increase in EI associated with plantation establishment (tillage and planting) and the harvest and transport of tubers was not fully compensated by an increase in the EO of tubers (Table 4, Table 5 and Table 12).





4. Discussion


4.1. Energy Inputs


In the work of Jankowski et al. [33] and Bogucka and Jankowski [30], the demand for energy in the production of JA aerial biomass ranged from 23.0 to 28.1 GJ ha−1 in the year of plantation establishment. The EIs associated with biomass production were 35–47% lower in the second and third year of cultivation (when tillage and planting operations were not performed). According to Fang et al. [60], the demand for energy in the biomass production of JA as an annual crop can reach 35–45 GJ ha−1 y−1. In the present study, EIs were also considerably lower (by 51% on average) in the perennial than in the annual cropping system (12.2–25.2 vs. 31.5–37.1 GJ ha−1 y−1).



The cropping system induces significant differences not only in the total EI, but also in the structure of EIs [30,33,60]. When JA is grown as a perennial crop, mineral fertilization is the most energy-intensive resource that accounts for 34–53% (year of plantation establishment) to 60–87% (years 2 and 3) of the total EI [30,33]. In the current study, tuber planting (32%) and mineral fertilization (35%) were the most energy-intensive operations in the perennial cropping system in the year of plantation establishment. In the second and third year of the experiment, mineral fertilization had the highest share of the total EI (65–72%) (due to the absence of tillage and planting operations). In the annual cropping system, the most energy-intensive operations were the harvest and transport of aerial biomass and tubers (34–44%), followed by fertilization (24–28%) and tuber planting (22–26%).




4.2. Biomass Yield


The yield potential of JA is largely determined by agroecological conditions [78,79,80,81,82,83,84,85,86,87,88,89]. Aerial biomass yields tend to be lowest (up to 15 Mg DM ha−1 y−1) in cooler regions of North America (Canada) [78], Northern Europe (Finland) [85], Eastern Europe (Lithuania) [82], and North Asia (Russian Federation, Western Siberia) [89]. Aerial biomass yields reach 30 Mg DM ha−1 y−1 in Central Europe [46,52,83,88] and the Middle East (Iran) [86]. The highest yields of JA aerial biomass (up to 40 Mg DM ha−1 y−1) are noted in Western and Southern Europe (Germany, Italy, Spain, Austria) [43,79,80,84] and in Eastern and Central Asia (China) [36,65,81]. The DMY of JA tubers accounts for 27–45% [81,84,86,90] to 72% [41,91] of the total DMY of aerial biomass and tubers. Sawicka [44] found that tuber yields are significantly affected by soil and climatic conditions. In properly managed soils that are abundant in nutrients and water, the DMY of JA tubers can reach 25–30 Mg ha−1. This parameter does not exceed 20 Mg ha−1 when soil conditions are less favorable. According to Sawicka [44], the total DMY of JA biomass (aerial biomass and tubers) can range from 24 to even 80 Mg ha−1. In the present study, the DMY of aerial biomass was determined at 6.0–13.7 Mg ha−1, and it was twice as high (12.9–26.6 Mg ha−1) when JA was grown as an annual crop. Tuber DMY had a 46% share of the total DMY.




4.3. Energy Output


The EO of the aerial biomass of JA grown in medium-input production technologies ranges from 70 to 267 GJ ha−1 y−1 [33,58,60] or even 360 GJ ha−1 y−1 [30,49]. In this study, the EO of aerial biomass was determined at 100 to 193 GJ ha−1. These differences can be largely attributed to varied weather conditions in critical growth stages (June and July). Considerable differences in the EO of JA aerial biomass produced in north-eastern Poland were previously reported by Jankowski et al. [33] and Bogucka and Jankowski [30] (72–224 and 157–360 GJ ha−1, respectively). When JA is grown as an annual crop, the EO of aerial biomass and tubers ranges from 185–253 [60] to 360–585 GJ ha−1 [53,65]. In the present study, the total EO of JA biomass produced in the annual cropping system was determined at 177 to 338 GJ ha−1. The EO of JA tubers accounted for 33% of the total EO (aerial biomass and tubers). In the work of Fang et al. [60], the EO of tubers had a similar share (35–41%) of the total EO of JA biomass.




4.4. Energy Gain and the Energy Efficiency Ratio


The EG of agricultural biomass is determined mainly by the energy intensity of the production process [70]. Intensification of biomass production may be associated with increasing the inputs of agricultural resources [27,33], cropping system (perennial vs. annual) [present study, Table 11], and the harvest strategy (single vs. multiple harvests in the growing season) [30]. In most cases, higher consumption of agricultural materials (such as fertilizers) leads to a considerable increase in FMY, DMY, and EO. The increase in EO generally exceeds the increase in EI, which improves the energy balance in the JA production technology (higher EG) [27,33]. In the work of Jankowski et al. [33], an increase in the N rate (from 100 to 160 kg ha−1) increased EG by 18%. In the current study, EG was 71% higher when JA was grown as an annual crop (both aerial biomass and tubers were harvested) rather than as a perennial crop (only aerial biomass was harvested). Contrary results were reported by Bogucka and Jankowski [30] in a study comparing the EG of JA aerial biomass harvested twice and once during the growing season. Energy gain was 40% lower when aerial biomass was harvested twice (June and October) rather than once (August) during the growing season [30].



The EER of JA grown as a perennial crop ranges from 7–18 [27,33,58] to even 30 [30]. Jankowski et al. [33] reported that agricultural inputs strongly differentiated the EER of the JA production technology. In the cited study, an increase in the N rate from 100 to 160 kg ha−1 decreased the EER by 27%. In the work of Bogucka and Jankowski [30], the EER decreased by 63% when JA was harvested twice rather than once during the growing season. In the present study, the EER was 20% lower in the annual than in the perennial cropping system. The lower value of the EER in JA cultivation as an annual crop can be attributed to a relatively high increase in EI which was not compensated by a proportional increase in the EO of tubers.





5. Conclusions


When JA was grown as a perennial crop (only aerial biomass was harvested), the demand for energy ranged from 25.2 (year of plantation establishment) to 12.2–13.4 GJ ha−1 (years 2 and 3). In the first year of JA cultivation, tuber planting (32% of the total EI) and mineral fertilization (35% of the total EI) were the most energy-intensive operations. In years 2 and 3, mineral fertilization had the highest share of the total EI (65–72%). In the annual cropping system, EIs were determined in the range of 31.4–37.1 GJ ha−1; the highest EIs were associated with the harvest and transport of aerial biomass and tubers (34–44%), fertilization (24–28%), and tuber planting (22–26%). The DMY of aerial biomass ranged from 6.0 to 13.7 Mg ha−1. The total DMY of aerial biomass and tubers reached 12.9–26.5 Mg ha−1, and tuber DMY accounted for 46% of the total DMY. On average, the EG of JA was 1.5 times lower in the annual than in the perennial cropping system (241 vs. 140 GJ ha−1). In turn, the EER was 20% lower when JA was grown as an annual crop. These results indicate that when JA was grown as an annual crop, the numerous EIs associated with plantation establishment (tillage and planting) and the harvest and transport of tubers were not fully compensated by an increase in the EO of tubers. Jerusalem artichoke should be grown as a perennial crop in large-area farms where the main limiting factor is energy (including access to N fertilizers) rather than land. In contrast, small-area farms, where land is the main limiting factor (and access to energy resources, including N fertilizers, is a less important consideration), should produce JA as an annual crop. The annual cropping system is characterized by high energy demand, but the EG per hectare is 1.5 times higher than in the perennial cropping system.
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Figure 1. Weather conditions in 2018–2020 vs. the long-term average (1981–2015). 
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Figure 2. Proportion of tubers in the fresh matter yield [A], dry matter yield [B], and energy output [C] of total biomass (aerial biomass and tubers) of Jerusalem artichoke. 
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Table 1. Production technologies of Jerusalem artichoke.






Table 1. Production technologies of Jerusalem artichoke.





	Farming Operation
	Perennial Cropping System
	Annual Cropping System





	Tillage
	Skimming (5–8 cm); fall plowing

(18–22 cm); two treatments with a cultivation unit (5–8 cm) *
	Skimming (5–8 cm); fall plowing

(18–22 cm); two treatments with a cultivation unit (5–8 cm) **



	Tuber planting
	30 April 2018; cv. Medius; row spacing: 75 × 30 cm; planting depth: 6–8 cm; density: 4.4 tubers m−2 *
	1 May 2018; 19 April 2019; 30 April 2020; cv. Medius; row spacing: 75 × 30 cm; planting depth: 6–8 cm; density: 4.4 tubers m−2 **



	Mineral fertilization
	80 kg N ha−1 (ammonium nitrate, 34%); 70 kg P2O5 ha−1 (enriched superphosphate, 40%); 150 kg K2O ha−1 (potash salt, 60%) **
	80 kg N ha−1 (ammonium nitrate, 34%); 70 kg P2O5 ha−1 (enriched superphosphate, 40%); 150 kg K2O ha−1 (potash salt, 60%) **



	Weed control
	Two disc hilling treatments between rows **
	Two disc hilling treatments between rows **



	Harvest
	Aerial biomass only (26 October 2018; 21 October 2018; 26 October 2020) **
	Aerial biomass (26 October 2018; 21 October 2018; 26 October 2020) ** and tubers (30 October 2018; 23 October 2019; 28 October 2020) **







* agricultural operations performed only in the year of plantation establishment (2018); ** agricultural operations performed in all years of the study (2018, 2019, and 2020).













 





Table 2. Energy equivalents of inputs associated with the production technology of Jerusalem artichoke biomass.
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	Source
	Unit
	Input
	References





	Labor
	MJ hour−1
	80
	Wójcicki [73]



	Tractors
	MJ kg−1
	125
	Wójcicki [73]



	Machines
	MJ kg−1
	110
	Wójcicki [73]



	Diesel oil
	MJ kg−1
	48
	Wójcicki [73]



	Plant material (tubers)
	MJ kg−1
	3.2
	Fang et al. [60]



	N
	MJ kg−1
	77
	Wójcicki [73]



	P2O5
	MJ kg−1
	15
	Wójcicki [73]



	K2O
	MJ kg−1
	10
	Wójcicki [73]










 





Table 3. Selyaninov hydrothermal index during the growing season.
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Year

	
Month




	
April

	
May

	
June

	
July

	
August

	
September

	
November






	
2018

	
0.78

	
0.80

	
1.19

	
2.26

	
0.49

	
0.63

	
1.51




	
2019

	
0.00

	
2.59

	
1.46

	
1.58

	
1.06

	
2.00

	
1.21




	
2020

	
0.05

	
2.09

	
0.54

	
0.71

	
1.81

	
0.71

	
2.59








K: 0–0.5—extreme dry spell; 0.6–1.0—dry spell; 1.1–2.0—humid spell; >2.1—wet spell.













 





Table 4. Energy inputs associated with the Jerusalem artichoke production technology, per agricultural operation.
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Specification

	
2018

	
2019

	
2020




	
Cropping Systems




	
Perennial

	
Annual

	
Perennial

	
Annual

	
Perennial

	
Annual






	
GJ ha−1 y−1




	
Tillage

	
2.64

	
2.64

	
0.00

	
2.64

	
0.00

	
2.64




	
Tuber planting

	
8.07

	
8.07

	
0.00

	
8.07

	
0.00

	
8.07




	
Fertilization

	
8.77

	
8.77

	
8.77

	
8.77

	
8.77

	
8.77




	
Weed management

	
1.26

	
1.26

	
1.26

	
1.26

	
1.26

	
1.26




	
Harvest and transport

	
4.42

	
16.33

	
3.41

	
15.32

	
2.21

	
10.71




	
Total

	
25.16

	
37.07

	
13.44

	
36.06

	
12.24

	
31.45




	
%




	
Tillage

	
10.5

	
7.1

	
0.0

	
7.3

	
0.0

	
8.4




	
Tuber planting

	
32.1

	
21.8

	
0.0

	
22.4

	
0.0

	
25.7




	
Fertilization

	
34.9

	
23.7

	
65.2

	
24.3

	
71.7

	
27.9




	
Weed management

	
5.0

	
3.4

	
9.4

	
3.5

	
10.3

	
4.0




	
Harvest and transport

	
17.6

	
44.1

	
25.4

	
42.5

	
18.1

	
34.1




	
Total

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0











 





Table 5. Energy inputs associated with the Jerusalem artichoke production technology, per energy flux.






Table 5. Energy inputs associated with the Jerusalem artichoke production technology, per energy flux.





	
Specification

	
2018

	
2019

	
2020




	
Cropping Systems




	
Perennial

	
Annual

	
Perennial

	
Annual

	
Perennial

	
Annual






	
GJ ha−1 y−1




	
Labor

	
0.65

	
0.83

	
0.28

	
0.79

	
0.24

	
0.72




	
Tractors and machines

	
1.83

	
7.91

	
1.10

	
7.64

	
0.82

	
5.89




	
Fuel

	
6.93

	
12.58

	
3.35

	
11.88

	
2.47

	
9.09




	
Materials:

	
15.75

	
15.75

	
8.71

	
15.75

	
8.71

	
15.75




	

	−

	
tubers







	
7.04

	
7.04

	
0.00

	
7.04

	
0.00

	
7.04




	

	−

	
fertilizers







	
8.71

	
8.71

	
8.71

	
8.71

	
8.71

	
8.71




	
Total

	
25.16

	
37.07

	
13.44

	
36.06

	
12.24

	
31.45




	
%




	
Labor

	
2.6

	
2.2

	
2.1

	
2.2

	
2.0

	
2.3




	
Tractors and machines

	
7.3

	
21.3

	
8.2

	
21.2

	
6.7

	
18.7




	
Fuel

	
27.5

	
33.9

	
25.0

	
32.9

	
20.2

	
28.9




	
Materials:

	
62.6

	
42.5

	
64.8

	
43.7

	
71.2

	
50.1




	

	−

	
tubers







	
28.0

	
19.0

	
0.0

	
19.5

	
0.0

	
22.4




	

	−

	
fertilizers







	
34.6

	
23.5

	
64.8

	
24.2

	
71.2

	
27.7




	
Total

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0











 





Table 6. Fresh matter yield of Jerusalem artichoke (Mg ha−1).
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Year

	
Cropping Systems

	
      x  ¯     




	
Perennial

	
Annual






	
2018

	
41.53 b

	
93.53 a

	
67.53 a




	
2019

	
32.00 bc

	
81.83 a

	
56.91 b




	
2020

	
17.03 c

	
44.98 b

	
31.01 c




	
     x  ¯    

	
30.19 b

	
73.45 a

	
–








Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. 













 





Table 7. Dry matter content of Jerusalem artichoke biomass (g kg−1).
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Year

	
Cropping Systems

	
      x  ¯     




	
Perennial

	
Annual




	
Aerial Biomass

	
Aerial Biomass

	
Tubers






	
2018

	
335.44

	
356.36

	
223.70

	
305.17




	
2019

	
350.00

	
379.73

	
223.86

	
317.86




	
2020

	
350.30

	
357.27

	
238.47

	
315.35




	
     x  ¯    

	
345.25 a

	
364.46 a

	
228.68 b

	








Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters denotes non-significant differences.













 





Table 8. Dry matter yield of Jerusalem artichoke (Mg ha−1 DM).
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Year

	
Cropping Systems

	
      x  ¯     




	
Perennial

	
Annual






	
2018

	
13.75 b

	
26.65 a

	
20.20 a




	
2019

	
11.20 b

	
23.42 a

	
17.31 b




	
2020

	
5.97 c

	
12.86 b

	
9.41 c




	
     x  ¯    

	
10.30 b

	
20.98 a

	
–








Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test.













 





Table 9. Lower heating value of Jerusalem artichoke biomass (MJ kg−1).
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Year

	
Cropping Systems

	
      x  ¯     




	
Perennial

	
Annual




	
Aerial Biomass

	
Aerial Biomass

	
Tubers






	
2018

	
3.52

	
4.04

	
1.52

	
3.03




	
2019

	
4.13

	
4.73

	
1.55

	
3.47




	
2020

	
4.36

	
4.54

	
1.83

	
3.58




	
     x  ¯    

	
4.01 a

	
4.44 a

	
1.63 c

	
–








Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters denotes non-significant differences.













 





Table 10. Energy output of Jerusalem artichoke biomass (GJ ha−1).
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Year

	
Cropping Systems

	
      x  ¯     




	
Perennial

	
Annual






	
2018

	
193.33

	
338.54

	
265.94 a




	
2019

	
178.29

	
310.98

	
244.63 a




	
2020

	
100.35

	
176.67

	
138.51 b




	
     x  ¯    

	
157.32 b

	
275.40 a

	
–








Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters denotes non-significant differences.













 





Table 11. Energy gain in the production technology of Jerusalem artichoke (GJ ha−1 y−1).
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Year

	
Cropping Systems

	
      x  ¯     




	
Perennial

	
Annual






	
2018

	
168.17

	
301.47

	
234.82 a




	
2019

	
164.84

	
274.92

	
219.88 a




	
2020

	
88.11

	
145.22

	
116.66 b




	
     x  ¯    

	
140.37 b

	
240.54 a

	
–








Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test. The absence of letters denotes non-significant differences.













 





Table 12. Energy efficiency ratio in the production technology of Jerusalem artichoke.






Table 12. Energy efficiency ratio in the production technology of Jerusalem artichoke.





	
Year

	
Cropping Systems

	
      x  ¯     




	
Perennial

	
Annual






	
2018

	
7.68 bc

	
9.13 b

	
8.41 b




	
2019

	
13.26 a

	
8.62 bc

	
10.94 a




	
2020

	
8.20 bc

	
5.62 c

	
6.91 b




	
     x  ¯    

	
9.72 a

	
7.79 b

	
–








Means with the same letter do not differ significantly at p ≤ 0.05 in Tukey’s HSD test.
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