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Abstract
Pruning is a vital method involving the selective removal of undesirable 
portions of the apple plant, which generates substantial quantities of residual 
material. The research focused on measuring the quantity of apple residue 
produced by trees of varying ages and analyzing the characteristics of these 
residues for potential energy generation applications. The data pertaining 
to pruned wood generation were systematically gathered from commercial 
orchards of varying age cohorts situated at diverse elevations within the 
apple cultivation zone of Shimla. The pruned wood was measured in the 
field, and a proximate analysis was conducted. The findings demonstrated 
that the mean pruned wood yield ranged from 3.95 to 10.19 kg/tree, 
measured on a dry basis. The generation rate of pruned wood in the region 
is quantified at 8 to 14 tons per hectare per year. The moisture content of 
pruned residue was observed to range from 42% to 46%, while the ash 
content varied between 3% and 3.5%. The calorific value was recorded 
within the range of 17.00 to 18.53 MJ/kg, and the energy potential exhibited 
a range from 88.93 to 260.51 MJ/t. In the context of various disposal 
methods, it was observed that open burning emerged as the predominant 
practice in the study area, potentially leading to an increase in carbon dioxide 
emissions. Given the substantial generation of pruned/trimmed residue and 
its associated calorific value, it presents a viable option for serving as an 
energy source to fulfill the requirements of various industrial applications 
and local heating systems.
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Introduction
Pruning is considered a vital methaodology involving 
the selective excision of undesired components 
from apple plants, resulting in the generation of 
substantial quantities of woody waste debris. The 
handling of this substantial quantity of pruned waste 
presents a significant challenge for farmers. Due to 
its considerable volume and the lack of standardized 
management procedures, it is often incinerated in 
open fields, resulting in pronounced air pollution in 
apple-producing areas. The incomplete combustion 
of biomass-derived fuels may yield byproducts such 
as particulate matter, carbon monoxide, nitrogen 
dioxide, and polycyclic aromatic hydrocarbons.1 
These burning activities release substantial carbon 
emissions, which not only negatively impact the 
global climate system but also pose significant health 
risks to local populations.² Nevertheless, existing 
alternatives to this methodology, including the 
chipping of wood for use as mulch, present their own 
set of disadvantages.3,4 Utilizing this waste as biofuel 
offers significant potential to alleviate the strain on 
natural resources and mitigate the antecedents of air  
pollution and global warming.5 Therefore, the proper  
management and disposal of pruning tree waste 
should include consideration of its ecological value  
and potential for industrial reuse to generate 
sustainable products.6

The pruned residues and the wood extracted from 
trees in the management of apple orchards in Italy 
were quantified, revealing that the average pruned 
weight on a dry basis is 1.15 t/ha, accompanied by 
an average moisture content of 56.7%. The manage- 
ment of pruned apple wood represents an effective 
strategy for addressing climate change mitigation.⁷ 
Appropriate management practices have the potential  
to mitigate carbon emissions by promoting enhanced 
carbon sequestration, optimizing energy efficiency, 
and improving overall soil health through the application  
of amendments. The implementation of sustainable 
waste management practices has the potential to 
reduce greenhouse gas emissions linked to the 
cultivation of apples. The transformation of pruned 
biomass into usable heat appears to present an econo- 
mically viable alternative for orchard proprietors.8 
Thus far, the biomass generated in fruit plantations  
has not been utilized for bio-energy production, 
primarily due to insufficient scientific data regarding 
the quantity, quality, and energy potential of pruned 
residues.

Therefore, quantifying trimmed waste and its energy 
potential is crucial for its environmentally sustainable 
and economically viable use. To assess the energy 
potential of biomass, especially horticultural trimmed  
residue, it is essential to examine both combustible 
and non-combustible materials. The primary 
combustible element is carbon, therefore, an increase  
in carbon concentrations within biomass correlates 
with an elevated heating value.

The presence of elevated moisture levels dimini- 
shes the calorific value of biomass materials. Drying,  
conversely, has the potential to reduce moisture 
content; however, this process may result in an 
increase in overall costs. Ash consists of non- 
combustible mineral particles, and an increase in 
ash content correlates with a decline in fuel quality.9  
A critical component of fuel is fixed carbon, which 
refers to carbon that is firmly bonded within the 
material structure.10 Fuels characterized by a higher  
concentration of volatile materials exhibit a diminished 
energy value and necessitate an increased energy 
input for combustion compared to fuels with a 
lower concentration of volatile materials. All these 
elements exert an influence on the fuel value, which  
quantifies the amount of heat produced during the 
combustion process.11

The state of Himachal Pradesh, recognized as a 
significant producer of apples, is situated within 
the eco-sensitive region of the young and fragile 
Northwestern Himalayan ranges. It ranks among the 
largest apple producers in India, following Jammu 
and Kashmir. Therefore, taking into account the 
ecological sensitivity and the extent of land dedicated 
to apple orchards.

This study was therefore undertaken to establish 
systematic baseline data on apple pruning residue 
(APR) generation across varying tree ages and 
elevational gradients, while concurrently developing 
a comprehensive energy characterization profile 
through detailed physicochemical analysis. The 
investigation encompasses four primary objectives: 
(i) quantification of apple pruning residue generation 
patterns across different tree age groups and 
elevational zones within apple orchards, (ii) 
characterization of physicochemical properties 
through proximate analysis to determine the energy 
potential of APR, including moisture content, 
ash content, and calorific value assessment, (iii) 
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comprehensive assessment of current disposal 
practices and evaluation of their associated environ- 
mental implications, and (iv) determination of the 
technical and economic feasibility of utilizing APR 
as an alternative renewable energy source for both 
industrial and domestic applications.

Materials and Methods
Study Site
The study area exhibits three distinct altitudinal 
gradients associated with apple cultivation, 
specifically at elevations of 1200-1700 meters above  
mean sea level (amsl), 1701-2200 meters amsl, and  
2201-2700 meters amsl. The geographical region 
under investigation is classified within the wet 
temperate agro-climatic zone of Himachal Pradesh. 
The geographical coordinates of the site are defined 
by a latitude range spanning from 31° 3' 18.72"N to 
31° 29' 31.03"N, and a longitude range extending 
from 77° 22' 56.11"E to 77° 48' 9.05"E.

Agro-Climatic Conditions
The region maintains a generally cool climate year-
round, with temperatures ranging from 1˚C to 28˚C. 
The average summer temperature ranges from 19˚C 
to 28˚C, while winter temperatures range from 1.0˚C 
to 10˚C. Monthly precipitation ranges from 15.0 
mm in November to 434.0 mm in August. Monthly 
precipitation averages approximately 45.0 mm 
during winter and 175.0 mm in June. The average 
annual precipitation is 1575mm, with snowfall 
occurring in this region from December to February. 

Selection of Orchards  
Two orchards were selected for analysis within each  
altitudinal gradient, categorized by age groups: those 
under 15 years designated as young and those beyond  
15 years classified as old, with four replications 
for each group. The experiment was planned 
as a factorial randomized design, consi-dering  
two factors: varying altitudinal gradients and age  
classes. Figure 1 illustrates the flow chart of the 
methodology employed in the current investigation.

Quantification of Apple Pruned Residue
In each orchard, five apple plants were randomly 
selected for the quantification of woody biomass. 
Approximately 1,333 trees per hectare were chosen 
based on the prevailing spacing, as determined by 
the selected orchardist, specifically 2.5 × 3 meters. 
The quantification process occurred during the 
winter months (December to February). The weight 
of the pruned residue was calculated as follows:

Weight of pruned residue (t /ha) =Weight of residue  
(kg/tree)×Number of plants in the one hactare

Proximate Analysis
Representative samples from five trees were 
collected from each orchard and transported to 
the laboratory for characterization and evaluation 
to determine the energy potential of pruned wood.

Moisture Content (MC in %)
The MC was calculated using 20 g of the sample. 
The sample was subjected to oven drying for 24 
hours at a temperature of 104°C to obtain the over-
dry weight in accordance with the ASTM D2016-
2512 standard.

Moisture content (% wb) 

where,     
Wi is the initial weight of the sample.      
Wf is the final weight of the sample.

Ash Content (%)
One gram of the sample was placed into a pre-
weighted crucible without a lid. This was carried out 
using the ASTM D-5142 procedure.12

Ash Content 
Fig. 1: Flowchart showing the procedure 

followed during the study



681SHARMA et al., Curr. World Environ., Vol. 20(2) 678-691 (2025)

where,  
Wi is the initial weight of the sample      
Wf  is the final weight of the sample

Volatile Matter (%)
The analysis of volatile matter was conducted in 
accordance with the ISO 562/197410 standards. 
Initially, the samples were weighed and then exposed 
to dry thermal treatment within a muffle furnace 
at a temperature of 550 ± 25°C for 10 minutes. 
Subsequent to the extraction phase, specimens 
were positioned within desiccators for cooling. This 
was followed by an additional repeat of the heating 
process, after which the specimens underwent 
another cooling period in the desiccators. An 
analytical balance from Mettler Toledo was utilized  
to ascertain the final weights of the samples, while 
the percentages of volatile matter were calculated 
according to the specified methodology.

Volatile Matter Percentage (%) 

where,          
Zi is the initial weight of the sample    
Zf is the final weight of the sample 

Fixed Carbon (%) 
Fixed carbon (FC) refers to the inorganic matter 
impurities that remain after the combustion of the 
biomass.  It was determined by using the relationship 
as shown in the equation12

FC=100-(%VM+%AC)

where, 
% AC is the percentage of ash content
% VM is the percentage of volatile matter

Calorific Value (kcal/kg)
The calorific value of the sample was determined 
using a bomb calorimeter (Model Toshiwal DT-100), 
which operates on the fundamental principle that 
thermal energy released during the combustion 
of the sample is equivalent to the thermal energy 
absorbed by the calorimeter system.

Energy Potential (MJ/t) 
The energy potential of pruned residues is calculated 
using the formula given in the reported literature.13 

Energy Potential (MJ/t)=  Calorific value (MJ/t) × Dry 
pruned residue (t/ha) 

Sampling Procedure for Farmers’ Perception of 
Pruned Residue Disposal
A random sampling technique was used to select 
the local orchardist for collecting information on the 
disposal of pruned residue in the study area. In each 
altitude, 30 households were selected randomly. The 
present study is based on the primary data gathered 
through interviews conducted with a selection of 
orchardists.

The survey was conducted using a pre-tested 
structured questionnaire. The questions are specific 
to the utilization pattern of the pruned residue. The 
survey was conducted during the winter season. 

Emission estimation of apple pruned residue:
Sample collection and preparation
Residue samples from apple pruning were 
systematically collected across three different 
altitude zones within the study area. The samples 
obtained from each of the three altitudes were 
combined to form a representative composite 
sample. A total mass of 1 kg of the mixed biomass 
was utilized for the purpose of emission analysis, 
conducted with three replications (n=3). Biomass 
samples were air-dried to constant moisture content 
under controlled conditions (20±2°C, 45±5% RH) 
and stored in sealed containers prior to analysis.
Emission Analysis System.

A HORIBA VA-3000 Series Multi-Component Gas 
Analyzer equipped with the VS-3000 Series Sample 
Gas Conditioning System was used for real-time 
gas emission measurement. The system employs 
Non-Dispersive Infrared (NDIR) technology for 
simultaneous measurement of CO, CO2, CH4, 
NOₓ, and SO2.14 Key specifications include: CO 
measurement range 0-200 parts per million (ppm) 
to 0-100 volume percent (vol%), accuracy of ±1.0% 
of the full scale, repeatability of ±0.5% of the full 
scale, and response time T90 of within 30 seconds.15

PM2.5 analysis was conducted using the TSI 
SidePak AM520 for real-time monitoring, alongside 
gravimetric analysis with 37 mm quartz fiber filters. 
The filters were pre-conditioned at a temperature of 
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900°C and weighed using a Mettler-Toledo AG285 
microbalance (±0.01 mg sensitivity). The sampling 
flow rate was Sampling flow rate was maintained at 
16.7 L/min utilizing a cyclone inlet with a particle size 
cut-off of 2.5 micrometers with a 2.5 μm cyclone inlet.

Combustion Protocol
Systematic combustion experiments were performed 
in a 2.5 m³ stainless steel chamber. Each 1 kg sample  
was subjected to controlled combustion conditions 
in accordance with established protocols. The 
assessment of Modified Combustion Efficiency 
(MCE) was conducted.16

Energy content was determined using Parr 6300 
Automatic Isoperibol Calorimeter following ASTM 
D5865. Energy efficiency calculations utilized 
23.46% conversion efficiency for woody biomass 
materials.
 
Scaling and Regional Calculations
After obtaining emission results for 1 kg of apple 
pruned residue, the average biomass generation 
was determined for different altitude zones based 
on field survey data: A1 (11.07 t/ha), A2 (10.80 t/ha), 
and A3 (7.33 t/ha). The regional calculations were 
performed using the following formula:

Regional Parameter = Laboratory Parameter (per 
kg) × Biomass Generated (kg/ha) × Total Area (ha)

Where
Energy Efficiency (regional)
Energy Efficiency (per kg) × Biomass generation 
(kg) × Area

CO Emissions (regional)
CO Emission Factor (g/kg) × Biomass generation 
(kg) × Area

PM2.5 Emissions (regional)
PM2.5 Emission Factor (g/kg) × Biomass generation 
(kg) × Area

This scaling approach provided an assessment of 
environmental impact and energy potential from 
apple pruning residue management across different 
altitudinal zones and district-wide scale based on the 
standardized 1 kg laboratory emission data.

Statistical Analysis
Two-way analysis of variance (ANOVA) and Tukey’s 
test were used to compare the mean difference 
by taking the altitude and age of the tree as two 
factors. The results were reported at a 5% level of 
significance.  Data was analyzed by using SPSS 
software version 16.

Results
The data illustrated in Table 1 indicate that the 
pruned wood residue, quantified on a dry weight 
basis in apple orchards, exhibited notable variation 
in relation to both altitude and the age of the 
trees. The recorded weight of pruned wood at 
lower altitudes (1200-1700 m) was 8.16 kg /tree, 
which is comparable to the residue observed at 
middle altitudes, measuring 8.06 kg/tree (1701-
2200 m). In contrast, higher altitudes (2201-2700 
m) yielded a lower weight of 5.50 kg /tree. In the 
analysis of various age classes, it was observed 
that older orchards produced a greater quantity of 
pruned wood, averaging 8.86 kg/tree, in contrast to 
younger orchards, which yielded 5.63 kg/tree. A non-
significant interaction was observed between altitude 
and age classes. The maximum pruned biomass 
observed was 11.07 t/ha at lower altitudes, which 
was comparable to the biomass produced at middle 
altitudes, recorded at 10.80 t/ha. In contrast, the 
biomass generated at higher altitudes (2201-2700 
m) was significantly lower, measuring at 7.33 t/ha. 
In various age categories, the yield was observed 
to be highest in older orchards, measuring 11.96 t/
ha, in contrast to younger orchards, which recorded 
a yield of 7.51 t/ha.

Proximate Analysis of Apple Pruned Residue
The data shown in Table 1 revealed that the moisture 
content of pruned residue in apple orchards exhibited 
considerable variation in relation to the altitude of the 
trees and their age, while the interaction between 
these factors was determined to be statistically non-
significant. The highest moisture content observed 
in pruned biomass was 43.37%, occurring at lower 
altitudes ranging from 1200 to 1700 meters. This 
value was significantly different from the moisture 
content recorded at both higher altitudes and the 
minimum moisture content of 32.87%, which was 
found at altitudes between 2201 and 2700 meters. 
The moisture content at middle altitudes, measured 
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at 35.87% within the range of 1701 to 2200 meters, 
was statistically comparable to that of the higher 
altitudes. In various age categories, the observed 
maximum was 39.50% in young orchards, while the 
minimum recorded was 35.25% in older orchards. 
The analysis revealed that the interaction between 
altitude and age did not yield statistically significant 
results. The findings illustrated in Table 1 indicate 
that the ash content, volatile matter, and fixed carbon 
of pruned residue remained consistent across 
different ages and elevations. The ash content of 
pruned residue exhibited a range of 3.00 to 3.50, 
while the volatile matter demonstrated variability 
from 74.45 to 78.00%. Additionally, the fixed carbon 
content was observed to range from 18.75 to 21.75% 
within the apple orchards of the study area.
 
Calorific Value and Energy Potential of Pruned 
Wood Residue
The calorific value of pruned wood from apple 
orchards exhibited considerable variation related 
to the age of the orchard. The data indicated that 

the energy content was greater in older orchards, 
measuring 18.95 MJ/kg, compared to younger 
orchards, which recorded 17.20 MJ/kg. The values 
exhibited a range from 16.85 to 19.94 MJ/kg. The 
findings illustrated in Table 1 indicate that the energy 
potential of pruned residue in apple orchards exhibits 
considerable variation with both altitude and the age 
of the trees. The maximum energy potential recorded 
was 198.46 MJ/t at lower altitudes (1701-2200 m),  
which is comparable to the pruned wood from 
middle altitudes, exhibiting a value of 195.41 MJ/t 
within the same elevation range. A notably minimal 
energy potential of 138.01 MJ/t was recorded at 
elevated altitudes ranging from 2201 to 2700 meters. 
In a comparative analysis of various age groups, 
the energy content was observed to be greater 
in the pruned wood of older orchards, measuring 
225.28 MJ/t, as opposed to 129.30 MJ/t in younger 
orchards. Furthermore, the analysis revealed that 
the interaction between altitude and age did not 
reach statistical significance. 

Fig. 2: Altitude-wise trend of pruned wood residue generated on a dry basis (kg/tree)

Analysis of Fig. 2 indicates an opposite relationship 
between pruned wood generation and altitude, 
evident in both young and mature orchards. Notably, 
in the mature orchard, a substantial decrease 
(R²=0.94) of 1.58 kg/tree was recorded with each 
500 m increase in altitude. Similarly, a notable 
decreasing trend (R²=0.69) of approximately 1.08 
kg/tree was recorded with each increment of 500 m 
in altitude within young orchards.

Utilization Pattern of Pruned Wood Residue
The farmer's observation regarding the disposal 
pattern of the pruned residue is illustrated in Fig. 3. 
The data indicated that at lower altitudes (1200-1700 
m), 26% of orchardists are employing pruned residue 
as fuelwood. This is followed by open burning and 
livestock feeding, each at 19.5%, grafting at 15.6%, 
composting at 14.3%, and mulching at 5.2%. In 
the middle altitude range of 1701-2200 meters, a 
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significant proportion of orchardists, specifically 
26.6%, engage in the practice of open burning for 
residue disposal, followed by the utilization of residue 
as fuelwood at 24.1%, grafting at 19.0%, livestock 
feed at 16.5%, composting at 11.4%, and mulching 
at 2.5%. In elevated altitudes ranging from 2201 to 

2700 meters, a significant proportion of orchardists, 
specifically 55.6%, engage in the practice of open 
burning for the disposal of residue. This is followed 
by the utilization of fuelwood at 20%, livestock feed 
at 8.9%, grafting at 11.1%, composting at 4.4%, and, 
notably, mulching at 0%.

Table 1: Altitude-wise pruned residue generation, proximate analysis, calorific value and energy 
potential in orchards of different ages

Parameters	 Residue generation	         Proximate analysis (%)		  Calorific	 Energy 
/Variables							       value	 potential

	 (kg/tree)	 (t/ha)	 Moisture	 Ash	 Volatile	 Fixed	 (MJ/kg)	 (MJ)
			   content	 content	 matter	 carbon

A1	 8.16a	 11.07b	 43.37	 3.33	 77.25	 19.12	 17.69	 198.47d
A2	 8.06a	 10.80b	 35.87c	 3.20	 75.88	 20.82	 18.05	 195.41d
A3	 5.50 	 7.33	 32.87c	 3.12	 75.58	 20.83	 18.47	 138.01
Y	 5.63	 7.51	 39.50	 3.25	 77.06	 19.77	 17.20	 129.31
O	 8.86	 11.96	 35.25	 3.19	 75.41	 20.75	 18.95	 225.28
A1Y	 6.14	 8.10	 46.75	 3.50	 78.00	 19.50	 16.85	 136.43
A1O	 10.19	 14.05	 40.00	 3.17	 76.50	 18.75	 18.53	 260.51
A2Y	 6.80	 9.18	 38.00	 3.25	 76.77	 19.90	 17.74	 162.57
A2O	 9.32	 12.42	 32.87	 3.15	 75.00	 21.75	 18.36	 228.25
A3Y	 3.95	 5.26	 33.75	 3.00	 76.42	 19.92	 17.00	 88.93
A3O	 7.06	 9.41	 32.00	 3.25	 74.75	 20.75	 19.94	 187.09
P value								      
Altitude	 0.00	 0.00	 0.04	 0.79	 0.29	 0.16	 0.62	 0.00
Age	 0.00	 0.00	 0.07	 0.82	 0.08	 0.24	 0.01	 0.00
Altitude * Age	 0.30	 0.10	 0.66	 0.66	 0.99	 0.34	 0.36	 0.09

A1 = Lower altitudes (1200-1700 m), A2 = Middle altitudes (1701-2200 m), A3 = Higher altitudes (2201-2700 m),  
Y= Young orchard, O = Old orchard. a,b,c,d depict at par values. Mean difference is significant at a 0.05 level. 

Fig. 3: Altitude-wise utilization pattern of pruned wood residue.
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Environmental Implications of Apple Pruned 
Residue
The combustion performance analysis of apple wood 
revealed distinct characteristics in terms of efficiency 
and emission profiles. The combustion efficiency 
for 1kg of sample was determined to be 23.46%, 
indicating incomplete combustion conditions during 
the experimental trials. The particulate matter 
emissions, specifically PM2.5, were measured 
at 222.22 mg/MJ, while carbon monoxide (CO) 
emissions registered at 2.99 g/MJ.

Altitude-Dependent Emission Characteristics
The data illustrated in Table 2 demonstrated emission  
calculations for apple pruned residue, indicating 
notable variations across various altitudes within the 
study region. Three distinct altitude zones, designated 
as A1, A2, and A3, exhibited differences in biomass 
densities along with their associated emission levels. 
A1 exhibited the most significant biomass density, 
measuring 11.07 t/ha. This condition facilitated the 
production of 48,045 MJ/ha of usable energy, while 
concurrently leading to PM2.5 emissions quantified at 
10.68 kg/ha and CO emissions recorded at 143.65 
kg/ha. A2 demonstrated similar biomass density 
levels at 10.80 t/ha, resulting in PM2.5 and CO 
emissions quantified at 10.42 kg/ha and 140.15 kg/
ha, respectively. A3 exhibited significantly diminished 
values, with a biomass density of 7.33 t/ha leading 

to correspondingly lower emissions of 7.07 kg/ha 
PM2.5 and 95.12 kg/ha CO.

District-Scale Emission Assessment
The data presented in Table 3 indicate the amount 
of waste produced by apple orchards, derived 
from a comprehensive assessment of the Shimla 
District, which demonstrates significant waste 
generation across 42,315 hectares of cultivated land. 
The district exhibits an average pruned biomass 
production of 9.74 t/ha per annum, resulting in 
an estimated generation of 412,148 tons of apple 
pruning residue annually. This figure indicates a 
considerable biomass resource and a potential 
source of emissions.

Annual Emission Inventory
The comprehensive calculations of emissions 
across the district, utilizing an established energy 
efficiency rate of 23.46% alongside specific emission 
metrics (PM2.5: 222.22 mg/MJ; CO: 2.99 g/MJ), 
indicated significant annual releases of pollutants. 
The total annual emissions of PM2.5 resulting from 
the combustion of apple pruned residue amounted 
to 397.5 tons, whereas the emissions of carbon 
monoxide (CO) were recorded at 5,348 tons. The 
emissions in question constitute a notable factor 
in the regional air pollution landscape, especially 
evident during the post-harvest burning period.

Table 2: Altitude-wise energy generation and pollutant emission

Altitude	 Biomass	 Useful Energy	 PM2.5 Emissions	 CO Emissions 
	 (t/ha)	 (MJ/ha)	 (Kg/ha)	 (Kg/ha)

A1	 11.07 	 48,045 	 10.68 	 143.65 
A2	 10.80 	 46,873 	 10.42 	 140.15 
A3	 7.33 	 31,813 	 7.07 	 95.12

Table 3: Total emission of pollutants in Shimla district

Total APR (t/ha)	 CO (tons)	 CO (kg/ha)	 PM2.5 (kg/ha)	 PM2.5 (Tons)

29. 20	 5,348	 126.39	 9.39	 397.5

Discussion
Residue Generation 
The dry pruned residue in apple orchards exhibited 
considerable variation with regard to both altitude 

and the age of the trees. A negative correlation 
exists between the generation of pruned residue 
and altitude, indicating that as altitude increases, the 
amount of pruned residue produced diminishes. As 
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altitude increases, there is a corresponding reduction 
in the duration of the vegetative period, and the 
growth of trees is inhibited at higher elevations.17 The 
significant biomass accumulation observed at lower 
altitudes can be ascribed to the comparatively warmer 
and more humid climatic conditions when juxtaposed 
with those at higher altitudes. This environmental 
context facilitates exponential growth and enhances 
the accumulation of photosynthates.18,19 It was also 
observed that both the average height of trees 
and the annual rates of shoot growth exhibited a 
decline with increasing elevation. This illustrates 
the impact of high-altitude environmental factors, 
such as lowered temperatures, limitations on water 
availability due to cold, restricted access to nutrients, 
and exposure to strong winds, on critical indicators 
of tree growth. Nevertheless, it was observed that 
older orchards exhibited a greater accumulation 
of maximum residue compared to their younger 
counterparts. This phenomenon may be attributed 
to an increased likelihood of diseases and the 
presence of infected branches, which potentially 
enhance residue production in mature orchards.20 
Research indicates that the accumulation of biomass 
within tree structures, including stems, limbs, and 
foliage, exhibits a positive correlation with the age 
of the tree. Specimens of greater age demonstrated 
significantly elevated biomass metrics in comparison 
to their younger counterparts. The current study was 
corroborated by research focusing on apple crops,10 
which determined that the pruned biomass ranged 
from 7.23 to 9.08 kg/tree.21 The annual pruned 
biomass was reported to be within the range of 3.5 
to 8.5 Mg/ha.22 The measured quantity of pruned 
residue was observed to fall within the range of 0.7 
to 9.0 t/ha. 

Moisture Content
The moisture content of pruned residue in apple 
orchards varied significantly with the altitude. The 
high moisture content in pruned biomass was 
recorded in lower altitudes than in higher altitudes. 
Hence, the high moisture content might be attributed 
to the wet and humid climate in lower altitudes than 
in higher altitudes. The moisture content of crop 
residue varies depending on the type of crop residue 
and climatic conditions, i.e., in a humid environment, 
the residue will retain more moisture than in an arid 
environment.23 However, the moisture content was in 
line with the reports for apple trees.21,22 The moisture 
content was 32.14%13 and 37.66%.24

Ash Content
The ash content in apple pruned residue varied 
between 3.00-3.50%.13 also found an ash content 
of 3.25%. It was reported that the ash content was 
much higher in lower-age trees compared to mature 
trees.25

Volatile Matter 
The Volatile matter in apple pruned residue varied 
between 74.45% and 78.00%. The volatile matter in 
the apple pruned residue was 79.21%13 and 73.50 
± 10.29%.8

Fixed carbon
The fixed carbon in apple-pruned residues varied 
between 18.75 and 21.75%. The fixed carbon in 
apple-pruned residues was obtained as 17.54%13 
and 18.25 ± 2.29%.10

Calorific Value and Energy Potential of Pruned 
Wood Residue
The measurement was elevated in the old orchard 
compared to the younger one. The findings align 
with the previously conducted study, which similarly 
indicated that the calorific value of mature trees 
exceeds that of lower-age trees.25 The energy 
potential of pruned residue in apple orchards 
exhibited considerable variation in relation to both 
altitude and the age of the trees. The observed 
decrease in energy potential in orchards located at 
higher altitudinal ranges may be attributed to the 
interaction between calorific value and the quantity 
of pruned residue produced. In various age groups, 
the increased energy potential observed in older 
orchards may be ascribed to a greater biomass 
accumulation and an elevated calorific value of 
the pruned residues. The mass of individual tree 
components, including the trunk, branches, and 
leaves, exhibited an increase with the age of both 
Scots pine and Norway spruce species. Specimens 
of advanced age exhibited markedly higher biomass 
values in comparison to their younger counterparts; 
however, it is noteworthy that the leaf biomass of the 
oldest group did not show a significant difference 
from that of the mature group.

Utilization Pattern
The predominant disposal methods for apple pruned 
residue in the Shimla district included open burning, 
fuelwood utilization, livestock feeding, composting, 
mulching, and grafting. In the context of various 
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waste disposal methodologies, it was observed 
that open burning emerged as the most prevalent 
practice within the region. It was observed that 
30% of farmers engaged in the chipping of pruned 
residues, while 37.5% employed open burning as a 
method of disposal, and 2.5% utilized these residues 
for livestock feeding.26 In various global regions, the 
predominant methodology entails the eradication 
of residual wood materials via combustion or their 
conversion into chips for the purpose of resource 
recovery.27 Research indicates that the management 
of waste in apple orchards encompasses various 
practical solutions and methodologies, including 
open-field incineration, immediate mulching, and 
waste burial. These practices lead to considerable 
ecological risks and social drawbacks.28 It has 
been observed that India functions as a significant 
entity in the agricultural sector, characterized 
by continuous cultivation throughout the year. 
However, it encounters a considerable challenge 
in the management of the substantial volume of 
crop residue produced. In the lack of viable, long-
term solutions, a significant amount of this residue 
is incinerated each year. The extensive practice 
of burning significantly exacerbates air pollution, 
leading to various health issues and intensifying 
the effects of global warming. Nevertheless, the 
implementation of sustainable techniques such as 
composting, briquette and biochar production, and 
mechanization presents a promising opportunity 
for the transformation of agricultural waste into a 
valuable resource.

Combustion Efficiency
The observed combustion efficiency of 23.46% for 
apple wood is significantly lower than the optimal 
values reported in the literature. Previous studies 
have demonstrated that well-controlled apple wood 
combustion can achieve much higher efficiencies. 
For instance, as per a study, it was found that 
optimized air supply conditions for apple tree 
wood burning could achieve modified combustion 
efficiencies of up to 92.4±2.5% under controlled 
laboratory conditions.29 The substantial difference 
between our results and these optimal values 
suggests suboptimal combustion conditions, which 
may be attributed to factors such as inadequate 
air supply, moisture content, or improper fuel-to-air 
ratios.

The low efficiency observed in this study aligns with 
patterns identified in biomass combustion research, 
where incomplete combustion conditions typically 
result in reduced energy conversion and increased 
pollutant emissions. Studies on various wood species  
have shown that combustion efficiency is strongly 
influenced by operational parameters, with moisture 
content being a critical factor.30

Particulate Matter Emissions (PM2.5)
The PM2.5 emission factor of 222.22 mg/MJd 
represents a relatively high level of fine particulate 
matter release. This value is considerably elevated 
compared to optimized combustion scenarios 
reported in the literature. The PM2.5 emission factors 
were as low as 0.13±0.01 g/MJ under optimal 
secondary air supply conditions for apple tree wood, 
which is substantially lower than our observed values 
when converted to comparable units.29

The high PM2.5 emissions observed in this study are 
consistent with the correlation between incomplete 
combustion and particulate matter formation. 
Research has demonstrated that PM2.5 emissions 
increase significantly under poor combustion 
conditions, primarily due to the incomplete oxidation 
of organic compounds.31 The elevated particulate 
emissions are particularly concerning from an 
environmental and health perspective, as PM2.5 
particles can penetrate deep into the respiratory 
system and have been associated with various 
adverse health effects.

Wood combustion has been identified as a major 
source of PM2.5 pollution in many regions. Studies 
indicate that residential wood combustion can 
account for 51% of total PM2.5 emissions in some 
areas, despite representing only a small fraction of 
total energy consumption.32 The high PM2.5 values 
observed in our study emphasize the importance 
of optimizing combustion conditions to minimize 
environmental impact.

Carbon Monoxide Emissions
The CO emission factor of 2.99 g/MJd indicates 
substantial incomplete combustion, as carbon 
monoxide is primarily formed when insufficient 
oxygen is available for complete oxidation of 
carbon to CO2. This emission level is considerably 
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elevated compared to well-optimized biomass 
combustion systems. It was demonstrated that 
modern biomass stoves with optimized combustion 
can achieve CO emissions below 500 mg/MJ, 
representing more than a five-fold reduction 
compared to the values observed in this study.33 
The relationship between CO emissions and 
incomplete combustion is well-established in 
biomass burning literature. Studies have shown 
direct correlations between CO emissions and 
other products of incomplete combustion, including 
PM2.5 and organic compounds.34 Under conditions 
of insufficient oxygen supply or poor mixing, the 
combustion process favors the formation of CO 
over complete oxidation to CO2, simultaneously 
resulting in increased particulate emissions. It 
was demonstrated that optimization of secondary 
air injection in wood-burning cookstoves can 
significantly reduce CO emissions while improving 
overall combustion efficiency.31,35 The study showed  
that proper air supply management could reduce 
CO concentrations by up to 70% compared to 
conventional operation, highlighting the critical 
importance of combustion optimization.

Altitude-Related Emission Variations
The altitude-dependent variations in biomass density 
and emissions indicate intricate interactions among 
topography, climate, and agricultural productivity. 
Prior research in the Himalayan region has revealed 
considerable spatial discrepancies in particulate 
matter concentrations at varying elevations, 
with principal component analysis attributing 
around 28% of total PM emissions to biomass 
burning. The elevated biomass densities noted 
at intermediate altitudes (A1 and A2), in contrast 
to higher elevations (A3), presumably indicate 
excellent growth conditions and effective orchard 
management at these altitudes.

Health and Environmental Implications
The calculated annual emissions of 397.5 tons 
of PM2.5 from apple orchard residue burning in 
Shimla district represent a significant public health 
concern. Epidemiological studies have shown 
PM2.5 as a significant risk factor for cardiovascular 
and respiratory disorders, as tiny particles can 
infiltrate the lungs and circulation. In India, PM2.5 

exposure is recognized as the third foremost risk 
factor for mortality, accounting for about 1 million 

premature deaths per year. Research in South Asian 
megacities has shown that biomass combustion 
can contribute 40.2% of total PM2.5 levels during 
non-monsoon months, underscoring the significant 
role of agricultural residue incineration in regional 
air pollution. The emissions from apple orchards 
exacerbate this issue, particularly impacting the 
health of both rural and urban residents in the area. 
The residue from pruned apple trees may 
significantly contribute to global warming and 
climate change if not appropriately handled or 
utilized. To alleviate its potential effects, the pruned 
residue may be repurposed into compact biofuel, 
specifically briquettes and pellets made from loose 
biomass and biochar derived from hardwood 
residue. This provides substantial contributions to 
multiple Sustainable Development Goals (SDGs). It 
promotes Climate Action (SDG 13) by sequestering 
carbon and reducing greenhouse gas emissions. 
Improving terrestrial ecosystems (SDG 15)  
through enhanced soil health (utilizing biochar as a 
fertilizer) and effective waste management promotes 
biodiversity (biofuel derived from pruning debris). 
The manufacture of briquettes from pruned biomass 
offers Affordable and Clean Energy (SDG 7) and 
mitigates air pollution, supporting Sustainable Cities 
and Communities (SDG 11). This method promotes 
a circular economy, aligning with Responsible 
Consumption and Production (SDG 12). Finally, it 
underscores Partnerships for the Goals (SDG 17) via  
joint initiatives among diverse stakeholders. These 
strategies embody a comprehensive approach to 
attaining sustainability and bolstering community 
resilience. This will also fall under the Clean 
Development Mechanism (CDM) of the Kyoto 
Protocol. The charcoal will be employed to alleviate 
soil contamination and purify water in rural regions. 
Therefore, effective management and usage of 
this valuable resource can only be achieved by 
conducting more comprehensive experimentation 
and research in this area. The present study was 
limited to a small sample size in a single district 
of Himachal Pradesh, and the seasonal variability 
in residue generation was not comprehensively 
addressed. Future research should encompass 
broader geographical regions across different apple-
growing states, investigate the temporal dynamics 
of residue production throughout the year, and 
evaluate the techno-economic feasibility of large-
scale bioenergy conversion systems. Additionally, 
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the potential for value-added applications such 
as briquetting biochar and  mulching production 
should be explored, where briquetting involves 
compressing apple pruning residues into dense 
fuel blocks for efficient combustion, while biochar 
production through controlled pyrolysis creates a 
carbon-rich material suitable for soil amendment 
and carbon sequestration while mulching involves 
using shredded pruning residues as soil cover to 
enhance moisture retention, suppress weeds, and 
improve soil organic matter content." Furthermore, 
life cycle assessment studies and comprehensive 
environmental impact evaluations of alternative 
disposal methods warrant further investigation to 
develop sustainable waste management strategies.

Conclusion
This study highlights the significant variation in apple 
pruned residue generation and its characteristics 
based on altitude and tree age in Shimla's apple 
orchards. Pruned residue was higher in lower 
altitudes due to favorable climatic conditions and 
greater in older orchards due to disease incidence 
and larger biomass. The pruned biomass ranged 
between 3.5–9.0 Mg/ha, with a moisture content  
of up to 37.66%, volatile matter around 74.45–78.0 %,  
and calorific value higher in mature trees. However, 
current utilization is unsustainable, with open 
burning being the predominant practice, contributing 
significantly to pollution. Annual emissions were 
estimated at 397.5 tons of PM2.5, with CO emissions 
at 2.99 g/MJ and PM2.5 at 222.22 mg/MJd, far 
exceeding optimized combustion levels.
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