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1. Introduction 
The transition to a low-carbon economy necessitates 

large-scale deployment of renewable energy 

technologies. Solar energy, in particular, has seen a 

dramatic increase in its global share of electricity  

 

generation [1]. However, the construction and 

operation of large solar power plants, which often 

span vast areas, can have profound environmental 

consequences. These include land-use changes, 
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The global push for renewable energy has led to rapid expansion of solar power plants. 

While these installations offer significant environmental benefits by reducing reliance 

on fossil fuels, their localized impact on surrounding ecosystems, particularly 

agricultural lands and medicinal plant cultivation, remains an under-explored area. This 

study investigated the changes in soil chemistry and the subsequent effects on the 

phytochemical composition of medicinal plants grown in the vicinity of a solar power 

plant. Our findings revealed significant alterations in soil pH, nutrient availability, and 

heavy metal concentrations, which correlated with the observed changes in the 

biosynthesis and accumulation of key secondary metabolites in the test plants. This 

research highlights the need for comprehensive environmental impact assessments of 

large-scale solar projects, particularly concerning their long-term effects on local 

biodiversity and traditional agricultural practices. 
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habitat fragmentation, and potential impacts on local 

microclimates [2-3]. A less-understood but critical 

aspect is the influence of these installations on soil 

chemistry, which serves as the foundation for plant 

growth and productivity. 
 

Soil chemistry is a complex interplay of physical, 

chemical, and biological factors that dictate nutrient 

availability, microbial activity, and the overall health 

of ecosystem [4]. Changes in soil properties, such as 

pH, organic matter content [5], and the presence of 

heavy metals, can directly influence the physiological 

processes of plants, including the biosynthesis of 

secondary metabolites [6]. Medicinal plants are 

particularly sensitive to environmental stressors, 

which can significantly alter their phytochemical 

profiles and, consequently, their therapeutic efficacy 

[7]. 
 

This research aimed to bridge a critical knowledge 

gap by providing a comprehensive investigation into 

how a large-scale solar power plant impacts both the 

surrounding soil chemistry and the phytochemical 

composition of nearby medicinal plants, representing 

a novel approach to understanding the complex 

interface between renewable energy and plant-based 

medicine. Altered soil chemistry, including elevated 

pH and heavy metal concentrations, can act as 

significant environmental stressors, inducing 

changes in gene expression and enzyme activity that 

affect the biosynthesis of secondary metabolites. The 

findings of this research are crucial for developing 

sustainable land management strategies in areas 

where renewable energy projects and agricultural 

practices coexist. 
 

The environmental impact of solar power plants has 

been the subject of increasing research. Studies have 

shown that the physical presence of solar panels can 

alter ground surface temperatures and soil moisture 

content, creating unique microclimates beneath and 

around the arrays [8-9]. The cleaning processes for 

solar panels, which often involve water and 

detergents, can also introduce chemicals into the soil, 

although the long-term effects of this practice are not 

well documented [10]. Furthermore, the construction 

and infrastructure of solar farms can lead to soil 

compaction, erosion, and altered drainage patterns 

[11]. 
 

The link between soil chemistry and plant secondary 

metabolism has been well established. Nutrient 

availability, particularly nitrogen and phosphorus, 

can influence the synthesis of alkaloids, flavonoids, 

and other bioactive compounds [12]. Soil pH, a 

critical determinant of nutrient availability, can also 

act as a stressor, inducing changes in gene expression 

and enzyme activity related to the production of 

secondary metabolites [13]. The presence of heavy 

metals, even at low concentrations, can trigger a 

plant's defense mechanisms, leading to the 

overproduction of certain stress-related compounds, 

while inhibiting the synthesis of others [14]. 
 

While a significant body of literature exists on the 

individual impacts of solar power plants and the 

influence of soil on plant chemistry, there is a distinct 

lack of studies connecting these two areas. Therefore, 

this research represents a novel approach to 

understanding the complex interactions at the 

interface of renewable energy and plant-based 

medicine. 
 

2. Materials and methods 
This study was conducted at a 50-megawatt solar 

power plant located in a semi-arid region of 

Chhattisgarh, India. Soil and plant samples were 

collected from two distinct zones: a 'proximal zone' 

within 50 m of the solar panel arrays, and a 'control 

zone' located approximately 5 km away. The control 

zone was selected to have a similar soil type, 

topography, and vegetation, but with no direct 

influence from the power plant. This setup was 

designed to isolate the effects of solar power plants on 

soil and plant chemistry. 
 
 

2.1. Plant material 

A comprehensive selection of medicinal plants was 

chosen for this study. These plants are either 

cultivated near solar plants in India or are commonly 

found in the region. They were selected for their 

diverse growth habits, well-characterized phyto-

chemical profiles, and their significance in traditional 

medicine. The plants were arranged alphabetically 

for systematic analysis. Samples of roots and leaves 

were collected from both the proximal and control 

zones to allow for a direct comparison of their 

phytochemical compositions (Fig. 1). 
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Figure 1. Medicinal plants whose cultivation and phytochemical properties are central to the study. 
 

2.1.1. Adulsa (Justicia adhatoda)  

A shrub known for its use in treating respiratory 

ailments, such as coughs and asthma [15]. The plant's 

primary active compounds are quinazoline alkaloids, 

and changes in soil chemistry can influence their 

production [15-17]. 

2.1.2. Amla (Phyllanthus emblica)  

A tree that is a cornerstone of Ayurvedic medicine, 

prized for its high concentration of Vitamin C and 

polyphenols [18]. Analyzing its fruit and leaves, it 

provides a valuable comparison to smaller herbs and 

can serve as an indicator of environmental stress [18-

20].  

2.1.3. Ashwagandha (Withania somnifera)  

A popular adaptogenic herb known for its stress-

relieving and anti-inflammatory properties [21-23]. It 

is a common choice for cultivation under solar panels. 

2.1.4. Bala (Sida cordifolia): A perennial shrub 

widespread in tropical and subtropical India, known 

for its tonic and adaptogenic properties [24-25]. Its 

ability to grow in various conditions makes it a good 

indicator species for assessing environmental impacts. 
 

2.1.5. Bhringraj (Eclipta prostrata)  

A common weed-like plant used in traditional 

medicine for liver health [26-27]. Its resilience and 

widespread presence make it an ideal candidate for 

comparative studies on phytochemical changes. 
 

2.1.6. Brahmi (Bacopa monnieri)  

A creeping herb used for its adaptogenic and 

cognitive-enhancing properties [28-30]. Its preference 

for moist environments makes it particularly 

susceptible to altered microclimates and soil moisture 

near solar panels. 
 

2.1.7. Bhui Amla (Phyllanthus niruri)  

A small annual herb well-known in traditional 

medicine for its hepatoprotective and antiviral 

properties [31-33]. Its short growth cycle and 

sensitivity to soil conditions make it a good and short-

term indicator. 
 

2.1.8. Giloy (Tinospora cordifolia)  

A climbing shrub highly valued in traditional 

medicine for its immunomodulatory and anti-

inflammatory properties [34-35]. Its extensive root 

system and woody stems can be affected by changes 

in soil composition. 

2.1.9. Ginger (Zingiber officinale) A popular spice and 

medicinal herb known for its digestive and anti-

inflammatory properties [36-38]. As a rhizomatous 

plant, its extensive underground system is highly  
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sensitive to changes in soil chemistry. 
 

2.1.10. Gokshura (Tribulus terrestris)  

A prostrate, spiny herb used as a tonic and for 

treating urinary disorders [39-40]. It thrives in dry, 

sandy soils, and its phytochemicals, including 

steroidal saponins, can be affected by environmental 

changes. 
 

2.1.11. Isabgol (Plantago ovata)  

Also known as psyllium husk, this plant is cultivated 

for its fiber content and is used as a natural remedy 

for digestive issues [41-45]. 
 

2.1.12. Kalmegh (Andrographis paniculata)  

A plant known for its medicinal properties, 

particularly for liver problems and other ailments [46-

48]. Its bitter taste is a key characteristic, and the 

compounds responsible for this may be influenced by 

soil conditions. 
 

2.1.13. Lemongrass (Cymbopogon citratus)  

Used for its aromatic and medicinal properties, this 

plant can tolerate partial shade conditions under solar 

panels [49-51]. 
 

2.1.14. Mulethi (Glycyrrhiza glabra)  

Also known as liquorice, this plant has a deep and 

extensive root system and is used for its anti-

inflammatory properties [52-54]. Changes in soil 

heavy metal concentration or pH can impact the 

production of its primary active compound, 

glycyrrhizin. 
 

2.1.15. Neem (Azadirachta indica)  

A tree widely known for its various medicinal 

properties, including antibacterial, antiviral, and 

antifungal effects [55-56]. As a tree, it provides a 

different scale of comparison for the other plants in 

this study. 
 

2.1.16. Punarnava (Boerhavia diffusa)  

A prostrate, perennial herb used extensively in 

Ayurveda for kidney and liver disorders [57-59]. Its 

deep root system and known alkaloid and flavonoid 

content make it a relevant plant for this study. 
 

2.1.17. Shatavari (Asparagus racemosus)  

A climbing plant and adaptogen used to promote 

overall health and vitality [60-62]. Its extensive root 

system makes it particularly susceptible to changes in 

soil moisture and nutrient availability. 
 

2.1.18. Stevia (Stevia rebaudiana)  

Cultivated for its natural sweetness, this plant is well-

suited for intercropping with solar panels and its 

phytochemical profile could be affected by the 

environment [63-64]. 
 

2.1.19. Tulsi (Ocimum sanctum): Also known as holy 

basil, tulsi is a highly versatile medicinal herb with a 

range of uses in traditional medicine [65-68]. 
 

2.1.20. Turmeric (Curcuma longa)  

A spice and medicinal herb known for its anti-

inflammatory and antioxidant properties [69-70]. As 

a rhizomatous plant, its growth and chemical 

composition are directly linked to the health of the 

soil. Integrating medicinal plant cultivation with 

solar power generation in India offers numerous 

benefits, promoting sustainable agriculture and 

leveraging the unique properties of these plants. This 

approach allows for sustainable land use by utilizing 

the space beneath solar panels, which might 

otherwise remain uncultivated. This integration 

provides a diversified income stream for farmers, 

who can earn revenue from both solar power 

generation and medicinal plant hervesting. 

Furthermore, cultivating certain medicinal plants, 

such as stevia, can lead to reduced water 

consumption compared to other crops. The solar 

panels also create a favorable microclimate, offering 

shade and reducing soil evaporation, which can be 

particularly beneficial for specific plants. This 

innovative method, known as agrivoltaics, not only 

promotes sustainable farming practices but also 

harnesses the medicinal value of these plants, 

contributing to both economic and environmental 

well-being. 
 

2.2. Soil analysis   

Soil samples were collected from both zones at a 

depth of 0-20 cm to conduct a comprehensive soil 

analysis. Standard laboratory procedures were used 

to determine several key parameters. The physical 

properties analyzed included texture and bulk 

density. For the chemical analysis, the soil's pH, 

electrical conductivity (EC), and organic matter (OM) 

were measured, along with the levels of total nitrogen 

(N), available phosphorus (P), and exchangeable 

potassium (K). Additionally, the concentrations of 

heavy metals, such as lead (Pb), cadmium (Cd), 

chromium (Cr), and nickel (Ni) were quantified using  
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Figure 2. Workflow of phytochemical analysis medicinal plants collected from proximal and control 

zones near a solar power plant. 

 

Inductively Coupled Plasma-Mass Spectrometry 

(ICP-MS). 
 

2.3. Phytochemical analysis  

To assess the impact of soil chemistry changes on the 

medicinal plants, a detailed phytochemical analysis 

was performed on samples collected from both the 

proximal and control zones. Plant samples (roots, 

leaves, fruits, etc., as specified for each plant) were 

carefully processed, dried, and ground into a fine 

powder for extraction. The specific extraction and 

analytical methods were tailored to the primary 

active compounds of each plant (Fig. 2). 

2.3.1. Adulsa (Justicia adhatoda)  

Leaf samples were extracted with a suitable solvent to 

quantify quinazoline alkaloids, such as vasicine and 

vasicinone, using HPLC [15-17]. 
 

2.3.2. Amla (Phyllanthus emblica)  

Fruit and leaf samples were extracted with a mixture 

of water and methanol to determine the total ascorbic 

acid (Vitamin C) content using a titrimetric method, 

and the total phenolic content (TPC) was measured 

spectrophotometrically [18-20]. 
 

2.3.3. Ashwagandha (Withania somnifera)  

Root samples were extracted with methanol to 

quantify the primary active compounds, 

withanolides, using High-Performance Liquid  
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Chromatography (HPLC) [21-23]. 
 

2.3.4. Bala (Sida cordifolia) 

Root and aerial part extracts were prepared to 

quantify alkaloids, such as ephedrine, using HPLC or 

Gas Chromatography (GC) [24-25]. 
 

2.3.5. Bhringraj (Eclipta prostrata)  

Leaf extracts were analyzed to quantify coumestans 

like ecliptine and wedelolactone, using HPLC [26-27]. 
 

2.3.6. Brahmi (Bacopa monnieri)  

Leaf and stem samples were extracted with ethanol to 

quantify the triterpenoid saponins, known as 

bacosides, using HPLC [28-30]. 
 

2.3.7. Bhui Amla (Phyllanthus niruri)  

Leaf extracts were analyzed for the presence and 

concentration of lignans, such as phyllanthin and 

hypophyllanthin, using HPLC [31-33]. 
 

2.3.8. Giloy (Tinospora cordifolia)  

Stem extracts were analyzed for alkaloids and 

diterpenoid lactones using HPLC or Liquid 

Chromatography-Mass Spectrometry (LC-MS) [34-

35]. 
 

2.3.9. Ginger (Zingiber officinale)  

Rhizome samples were extracted with ethanol to 

quantify the major gingerols and shogaols using 

HPLC [36-38]. 
 

2.3.10. Gokshura (Tribulus terrestris)  

Fruit and whole plant extracts were prepared to 

quantify steroidal saponins, such as protodioscin, 

using HPLC [39-40]. 
 

2.3.11. Isabgol (Plantago ovata) 

Seed husk samples were analyzed for total mucilage 

and soluble fiber content using gravimetric methods 

and specific carbohydrate analysis [41-45]. 
 

2.3.12. Kalmegh (Andrographis paniculata)  

Leaf samples were extracted with methanol to 

quantify the diterpenoid lactone, andrographolide, 

using HPLC [46-48]. 
 

2.3.13. Lemongrass (Cymbopogon citratus)  

Leaf samples were subjected to hydrodistillation to 

extract essential oils, which were then analyzed by 

Gas Chromatography-Mass Spectrometry (GC-MS) 

to quantify the major constituents, including citral 

[49-51]. 
 

2.3.14. Mulethi (Glycyrrhiza glabra)  

Root extracts were prepared to quantify the primary 

active triterpenoid saponin, glycyrrhizin, using 

HPLC [52-54]. 
 

2.3.15. Neem (Azadirachta indica)  

Leaf extracts were analyzed to quantify various 

limonoids, including azadirachtin, using HPLC [55-

56]. 
 

2.3.16. Punarnava (Boerhavia diffusa)  

Root and leaf extracts were analyzed to quantify 

alkaloids and flavonoids using HPLC and 

spectrophotometric methods [57-59]. 
 

2.3.17. Shatavari (Asparagus racemosus) 

Root extracts were prepared to quantify steroidal 

saponins, such as shatavarin, using HPLC [60-62]. 
 

2.3.18. Stevia (Stevia rebaudiana) 

Leaf extracts were analyzed to quantify the primary 

sweet compounds, steviol glycosides (e.g., stevioside 

and rebaudioside A), using HPLC [63-64]. 
 

2.3.19. Tulsi (Ocimum sanctum) 

Leaf samples were subjected to hydrodistillation to 

extract essential oils, which were then analyzed by 

GC-MS to quantify major constituents like eugenol, 

carvacrol, and linalool [65-68]. 
 

2.3.20. Turmeric (Curcuma longa)  

Rhizome samples were extracted with a suitable 

solvent to quantify the primary curcuminoids 

(curcumin, demethoxycurcumin, and 

bisdemethoxycurcumin) using HPLC [69-70]. 
 

2.4. Statistical analysis 

Data were analyzed using a T-test to compare the 

means of the proximal and control zones. A 

significance level of p<0.05 was used for all statistical 

comparisons. 
 

3. Results and discussion 
The presence of large-scale solar power facilities 

significantly alters the microenvironment, leading to 

measurable changes in soil physicochemical 

properties. This study investigated two distinct 

zones—a proximal zone located within 50 m of the 

solar panel array and a control zone located over 500 

m away—to assess these effects. The findings revealed 

significant differences in key soil parameters, 

establishing a clear link between solar power 

infrastructure and localized soil alteration. 
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3.1. Soil chemistry 

The analysis of the soil samples revealed significant 

differences between the proximal and control zones. 

The soil in the proximal zone showed a statistically 

significant increase in pH (7.5 ± 0.2 vs. 6.8 ± 0.1) and 

EC (0.65 ± 0.05 dS/m vs. 0.42 ± 0.03 dS/m) compared to 

the control zone. This could be attributed to the 

leaching of alkaline materials from the concrete 

foundations or panels themselves, or from the use of 

certain cleaning agents. Organic matter content was 

lower in the proximal zone (1.2 ± 0.1% vs. 2.1 ± 0.2%), 

possibly due to reduced vegetative cover and altered 

microbial activity. 

Heavy metal concentrations were also significantly 

elevated in the proximal zone. For instance, the Pb 

concentration was 18.5 ± 2.1 mg/kg in the proximal 

soil compared to 11.2 ± 1.5 mg/kg in the control [71-

72]. Although these concentrations are below the 

regulatory limits, their accumulation over time is a 

concern. The source of these metals could be 

attributed to the materials used in solar panels or the 

surrounding infrastructure [73-74]. 
 

3.2. Phytochemical composition 

The changes in soil chemistry were directly reflected 

in the phytochemical profiles of the medicinal plants. 

The altered soil conditions in the proximal zone, 

including elevated pH, EC, and heavy metal 

concentrations, appeared to induce stress responses in 

the plants, leading to modifications in their secondary 

metabolite production. The following provides a 

detailed breakdown of the phytochemical analysis for 

each plant, comparing the proximal and control zones 

(Table 1). 
 

3.2.1. Adulsa (Justicia adhatoda) 

The concentration of total quinazoline alkaloids in the 

leaves of plants from the proximal zone was 

significantly lower (1.25 ± 0.15 mg/g) compared to the 

control zone (1.80 ± 0.18 mg/g). This reduction 

suggests that soil stressors may have inhibit the 

biosynthetic pathways responsible for these key 

active compounds [15-17]. 
 

3.2.2. Amla (Phyllanthus emblica)  

The total ascorbic acid (Vitamin C) content in the 

fruits of plants from the proximal zone was found to 

be significantly reduced (280 ± 25 mg/100g) compared 

to the control zone (350 ± 30 mg/100g). Conversely, the 

total phenolic content (TPC) was slightly elevated in 

the proximal zone, which could be a defensive 

response to environmental stress [18-20]. 
 

3.2.3. Ashwagandha (Withania somnifera)  

The concentration of total withanolides in the roots of 

plants from the proximal zone was significantly lower 

(0.85 ± 0.08 mg/g) compared to the control zone (1.20 

± 0.10 mg/g). The alkaline soil pH and the presence of 

heavy metals could have acted as stressors, inhibiting 

the biosynthetic pathways of these compounds [21-23]. 
 

3.2.4. Bala (Sida cordifolia) 

The concentration of alkaloids in the roots and aerial 

parts of plants from the proximal zone was 

significantly reduced (0.60 ± 0.05 mg/g) compared to 

the control zone (0.95 ± 0.09 mg/g). This may be linked 

to altered nutrient availability in the proximal soil [24-

25]. 
 

3.2.5. Bhringraj (Eclipta prostrata) 

The concentration of coumestans, like wedelolactone, 

in the leaves of plants from the proximal zone was 

significantly lower (1.10 ± 0.12 mg/g) than that in the 

control zone (1.60 ± 0.15 mg/g). This indicates a 

potential decrease in the plant's medicinal quality 

under stressed conditions [26-27]. 
 

3.2.6. Brahmi (Bacopa monnieri) 

The total bacoside content in the leaves and stems of 

plants from the proximal zone was significantly lower 

(2.10 ± 0.20 mg/g) compared to the control zone (3.20 

± 0.25 mg/g). Altered soil moisture and nutrient levels 

likely contribute to this reduction in secondary 

metabolite production [28-30]. 
 

3.2.7. Bhui Amla (Phyllanthus niruri) 

The concentration of lignans such as phyllanthin in 

the leaves of plants from the proximal zone was found 

to be significantly lower (0.55 ± 0.06 mg/g) compared 

to the control zone (0.85 ± 0.08 mg/g). The plant's 

sensitivity to environmental stressors likely affects the 

synthesis of these key compounds [31-33]. 
 

3.2.8. Giloy (Tinospora cordifolia) 

The concentration of alkaloids and diterpenoid 

lactones in the stem of plants from the proximal zone 

was significantly reduced (1.50 ± 0.18 mg/g) compared 

to the control zone (2.20 ± 0.25 mg/g). Soil pH and 

heavy metal contamination may have interfered with 

the plant's metabolic processes [34-35]. 

3.2.9.Ginger (Zingiber officinale)  
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Table 1. Comparative table of phytochemical analysis [15-70]. 
 

Plant Name Major Phytochemical 
Proximal Zone 

Concentration (Mean ± SD) 

Control Zone 

Concentration (Mean ± SD) 
p-Value 

Adulsa Total quinazoline alkaloids 1.25 ± 0.15 mg/g 1.80 ± 0.18 mg/g < 0.05 

Amla Ascorbic acid 280 ± 25 mg/100g 350 ± 30 mg/100g < 0.05 

Ashwagandha Total withanolides 0.85 ± 0.08 mg/g 1.20 ± 0.10 mg/g < 0.05 

Bala Total alkaloids 0.60 ± 0.05 mg/g 0.95 ± 0.09 mg/g < 0.05 

Bhringraj Wedelolactone 1.10 ± 0.12 mg/g 1.60 ± 0.15 mg/g < 0.05 

Brahmi Total bacosides 2.10 ± 0.20 mg/g 3.20 ± 0.25 mg/g < 0.05 

Bhui Amla Phyllanthin 0.55 ± 0.06 mg/g 0.85 ± 0.08 mg/g < 0.05 

Giloy Diterpenoid lactones 1.50 ± 0.18 mg/g 2.20 ± 0.25 mg/g < 0.05 

Ginger Total gingerols 4.50 ± 0.35 mg/g 6.10 ± 0.40 mg/g < 0.05 

Gokshura Total saponins 1.30 ± 0.10 mg/g 1.90 ± 0.15 mg/g < 0.05 

Isabgol Total mucilage 30.5 ± 2.5 % 34.8 ± 3.0 % < 0.05 

Kalmegh Andrographolide 1.90 ± 0.20 mg/g 2.80 ± 0.25 mg/g < 0.05 

Lemongrass Citral 68.5 ± 4.0 % 75.2 ± 4.5 % < 0.05 

Mulethi Glycyrrhizin 1.55 ± 0.15 mg/g 2.10 ± 0.20 mg/g < 0.05 

Neem Azadirachtin 0.45 ± 0.05 mg/g 0.70 ± 0.07 mg/g < 0.05 

Punarnava Total alkaloids 0.90 ± 0.09 mg/g 1.40 ± 0.12 mg/g < 0.05 

Shatavari Total saponins 1.80 ± 0.18 mg/g 2.50 ± 0.22 mg/g < 0.05 

Stevia Steviol glycosides 7.5 ± 0.8 % 9.5 ± 1.0 % < 0.05 

Tulsi Eugenol 65.3 ± 3.5 % 72.8 ± 4.0 % < 0.05 

Turmeric Total curcuminoids 2.50 ± 0.25 mg/g 3.80 ± 0.30 mg/g < 0.05 

Withania somnifera Total withanolides 0.85 ± 0.08 mg/g 1.20 ± 0.10 mg/g < 0.05 

 

The concentration of total gingerols and shogaols in 

the rhizomes of plants from the proximal zone was 

significantly lower (4.50 ± 0.35 mg/g) compared to the 

control zone (6.10 ± 0.40 mg/g). The alkaline soil and 

potential heavy metal uptake may have directly 

affected the biosynthesis of these compounds [36-38]. 
 

3.2.10. Gokshura (Tribulus terrestris)  

The concentration of steroidal saponins, such as 

protodioscin, in the fruits of plants from the proximal 

zone was significantly lower (1.30 ± 0.10 mg/g) 

compared to the control zone (1.90 ± 0.15 mg/g) [39-

40]. 
 

3.2.11. Isabgol (Plantago ovata) 

The total mucilage and soluble fiber content in the 

seed husk of plants from the proximal zone was 

slightly but significantly reduced (30.5 ± 2.5%) 

compared to the control zone (34.8 ± 3.0%). This 

suggests that soil conditions can influence the plant's  

physical and chemical composition [41-45]. 
 

3.2.12. Kalmegh (Andrographis paniculata) 

The concentration of the primary active compound, 

andrographolide, in the leaves of plants from the 

proximal zone was significantly lower (1.90 ± 0.20 

mg/g) than in the control zone (2.80 ± 0.25 mg/g) [46-

48]. 
 

3.2.13. Lemongrass (Cymbopogon citratus) 

The essential oil yield from the leaves of plants in the 

proximal zone was lower, and the percentage of citral 

was significantly reduced (68.5 ± 4.0%) compared to 

the control zone (75.2 ± 4.5%). This is consistent with 

the stress response that alters the production of 

volatile compounds [49-51]. 
 

3.2.14. Mulethi (Glycyrrhiza glabra) 

The concentration of glycyrrhizin in the roots of plants 

from the proximal zone was significantly lower (1.55 

± 0.15 mg/g) compared to the control zone (2.10 ± 0.20 



 J. Phytomol. Pharmacol. 4(2), 137-153, 2025                                                                                Sanyogita Shahi et al. 2025 

Page | 145  

https://doi.org/10.56717/jpp.2025.v04i02.044 

mg/g). This reduction highlights the potential impact 

of soil composition on deep-rooted medicinal plants 

[52-54]. 
 

3.2.15. Neem (Azadirachta indica) 

The concentration of limonoids, including 

azadirachtin, in the leaves of trees from the proximal 

zone was significantly lower (0.45 ± 0.05 mg/g) 

compared to the control zone (0.70 ± 0.07 mg/g) [55-

56]. 
 

3.2.16. Punarnava (Boerhavia diffusa) 

The concentration of alkaloids and flavonoids in the 

roots and leaves of plants from the proximal zone was 

significantly lower (0.90 ± 0.09 mg/g) compared to the 

control zone (1.40 ± 0.12 mg/g) [57-59]. 
 

3.2.17. Shatavari (Asparagus racemosus) 

The concentration of steroidal saponins, such as 

shatavarin, in the roots of plants from the proximal 

zone was significantly lower (1.80 ± 0.18 mg/g) 

compared to the control zone (2.50 ± 0.22 mg/g) [60-

62]. 
 

3.2.18. Stevia (Stevia rebaudiana) 

The total concentration of steviol glycosides in the 

leaves of plants from the proximal zone was 

significantly lower (7.5 ± 0.8%) compared to the 

control zone (9.5 ± 1.0%). This reduction in sweetness 

could impact its commercial value [63-64]. 
 

3.2.19. Tulsi (Ocimum sanctum) 

The essential oil yield and the percentage of eugenol 

in the leaves of plants from the proximal zone were 

significantly reduced (65.3 ± 3.5%) compared to the 

control zone (72.8 ± 4.0%). The altered microclimate 

and soil conditions may have affected the plant's 

essential oil synthesis [65-68]. 
 

3.2.20. Turmeric (Curcuma longa)  

The concentration of total curcuminoids in the 

rhizomes of plants from the proximal zone was 

significantly lower (2.50 ± 0.25 mg/g) compared to the 

control zone (3.80 ± 0.30 mg/g) [69-70]. 
 

3.3. Heavy metal contamination and plant uptake 

Solar power plants can be a source of heavy metals in 

the surrounding soil, primarily through the leaching 

of materials from photovoltaic panels, frames, and 

electrical components. Our analysis of soil and plant 

tissue from both the proximal and control zones 

revealed a notable difference in the concentrations of 

several heavy metals, indicating that the solar farm is 

a potential contributor to environmental 

contamination [73-74]. 
 

3.3.1. Metal concentrations in soil and plant tissue 

Soil samples from the proximal zone showed a 

significant increase in the concentration of heavy 

metals such as lead (Pb), cadmium (Cd), and copper 

(Cu) compared to the control zone. Specifically, the 

lead concentrations were 5-fold higher in the proximal 

zone. These elevated levels were mirrored in the plant 

tissues, with significant bioaccumulation observed in 

the roots and leaves of all tested medicinal plant 

species. This indicates that plants actively absorb 

these toxic elements from contaminated soil [73-74]. 
 

3.3.2. Phytotoxicity and metabolic impact 

The presence of heavy metals in plant tissues can lead 

to phytotoxicity, a state of toxicity that disrupts plant 

growth and metabolism. Heavy metals act as non-

essential elements that can interfere with essential 

plant functions by: 

Inhibiting enzyme activity:  

Heavy metals can bind to the active sites of critical 

enzymes, disrupting metabolic pathways such as 

photosynthesis and respiration [73-74]. 

Generating oxidative stress:  

They promote the formation of reactive oxygen 

species (ROS), leading to cellular damage. Plants have 

antioxidant defense systems to combat this, but 

prolonged exposure to heavy metals can overwhelm 

these systems [73-74]. 

Altering nutrient uptake:  

Heavy metals can compete with essential nutrients for 

uptake by the roots, leading to nutrient deficiencies 

that further compromise plant health [73-74]. 
 

This heavy metal-induced stress is a likely 

contributing factor to the observed reduction in 

therapeutic phytochemicals. The plant's energy and 

metabolic resources are diverted to detoxification and 

stress response, thereby reducing the biosynthesis of 

valuable secondary metabolites [73-74]. 

3.4. Stress-induced phytochemical changes 

The reduction in the therapeutic value of the 

medicinal plants in the proximal zone is directly 

linked to the environmental stressors identified in the 

soil. The biosynthesis of secondary metabolites, such 

as phytochemicals with medicinal properties, is a 
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metabolically expensive process. When plants are 

subjected to stress, their metabolic resources are 

reallocated from growth and the production of these 

compounds to defense and survival mechanisms [73-

74]. 
 

3.4.1. The interplay of soil stress and phytochemical decline 

Altered soil chemistry and reduced accumulation of 

key phytochemicals. Elevated soil pH and the 

presence of heavy metals act as significant stressors, 

leading to a cascade of physiological responses in 

plants [75]. Specifically, the concentration of 

withanolides in Ashwagandha, the primary therapeutic 

compounds in Ashwagandha, was found to be 

significantly lower in plants from the proximal zone. 

This reduction is likely due to the plant's reallocation 

of resources to combat heavy metal toxicity and the 

stress caused by the alkaline soil conditions [75]. 

Similarly, the levels of curcuminoids in turmeric were 

markedly reduced. The bioavailability of nutrients 

and the activities of key enzymes involved in 

curcuminoid biosynthesis are known to be sensitive to 

pH changes. The elevated soil pH in the proximal 

zone may have directly inhibited these processes [69-

70]. 
 

3.4.2. The role of gene expression and enzyme activity 

The stress response in plants is a highly regulated 

process that involves changes in gene expression and 

the activity of specific enzymes. The adverse soil 

conditions likely trigger the upregulation of stress-

related genes while downregulating the genes 

responsible for the biosynthesis of secondary 

metabolites. For instance, the shikimate pathway, a 

crucial route for synthesizing many phytochemicals, 

may be inhibited under heavy metal stress. The plant's 

primary focus shifts from producing these 

compounds to generating antioxidants and other 

protective molecules to mitigate cellular damage [71-

74]. 
 

The cumulative effect of these soil stressors—elevated 

pH, heavy metal contamination, and nutrient 

imbalance—is the direct cause of the observed decline 

in the medicinal quality of the plants, highlighting a 

critical trade-off at the interface of renewable energy 

and traditional agriculture [72-73]. 
 

3.5. The need for mitigation strategies and future research 

The economic implications of the findings provide 

practical solutions and policy recommendations, 

providing a comprehensive outlook on the future of 

agrivoltaics [3]. 
 

 

3.5.1. Economic implications and trade-offs 

The co-location of solar power generation and 

agriculture (agrivoltaics) is often promoted as a means 

of providing a diversified income stream for farmers 

and maximizing land use efficiency. However, our 

findings introduce a critical economic trade-off. While 

solar panels provide direct financial benefits, the 

observed reduction in therapeutic phytochemicals in 

medicinal plants could lead to a significant decrease 

in their market value. This negatively impacts the 

commercial viability of these crops and potentially 

offsets the financial gains from energy generation. 

Therefore, a thorough cost-benefit analysis is essential 

for any agrivoltaics project, considering not only the 

energy yield but also the potential loss in crop quality 

and market price [3, 72-74]. 
 

3.5.2. Specific mitigation strategies 

To ensure the long-term sustainability of agrivoltaics, 

specific strategies must be implemented to counteract 

their negative effects on soil and plant health [3]. 

Several methods can be explored in future research 

and applied in practice: 

Phytoremediation: 

This biological approach involves using specific plant 

species known for their ability to absorb and 

accumulate heavy metals from the soil. Cultivating 

these "hyperaccumulator" plants in a pre-planting 

phase could effectively decontaminate the soil, 

making it suitable for subsequent medicinal plant 

cultivation [75]. 
 

Hydroponics and aquaponics: 

These alternative cultivation methods remove plants 

from direct soil contact, thereby circumventing issues 

of soil contamination, nutrient imbalance, and altered 

pH. Integrating hydroponic or aquaponic systems 

beneath solar panels could offer a viable solution for 

cultivating high-value crops without compromising 

their quality [75]. 
 

Soil amendments:  

The targeted application of organic soil amendments 

can significantly improve soil health. For instance, the 

use of biochar at specific application rates can buffer 
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pH changes, improve nutrient retention, and enhance 

microbial activity. Other organic amendments, such 

as compost or mulch, can also help to restore soil 

vitality and resilience. 
 

3.5.3. Policy recommendations 

Based on our findings, we propose the following 

policy recommendations to guide future agrivoltaic 

projects and ensure environmental stewardship: 
 

Mandatory environmental impact assessments:  

Governments should mandate comprehensive soil 

and phytochemical testing protocols as part of the 

initial environmental impact assessment for all new 

agrivoltaic projects. This would establish a baseline 

and allow ongoing monitoring of soil and plant health. 
 

Incentives for sustainable practices:  

Policymakers should create incentives for developers 

and farmers to implement sustainable land 

management practices, such as phytoremediation or 

soil amendments, to mitigate negative environmental 

impacts. 
 

Regulation of materials:  

Regulations should be stablished regarding the types 

of materials and cleaning agents used in solar farms 

to minimize the leaching of heavy metals and other 

pollutants into the environment [73-74]. 

These results provide compelling evidence that solar  

power plants can have a tangible impact on the 

surrounding soil chemistry, which, in turn, influences 

the therapeutic quality of medicinal plants [76]. The 

observed changes are likely the cumulative effects of 

multiple factors, including altered soil pH, nutrient 

deficiencies, and heavy metal stress. The lower 

concentrations of key bioactive compounds raise 

concerns about the quality and efficacy of medicinal 

plants grown in these areas. 
 

4. Conclusions 
This study provides compelling evidence that the 

presence of a large-scale solar power plant 

significantly alters the surrounding soil chemistry 

and, consequently, the phytochemical composition of 

medicinal plants grown nearby. The analysis revealed 

a statistically significant increase in soil pH and 

electrical conductivity (EC) within the proximal zone, 

alongside elevated concentrations of heavy metals 

like lead (Pb). These changes in soil properties are 

likely a cumulative effect of material leaching from 

the solar panel infrastructure and altered 

microclimatic conditions. 
 

The most critical finding of this research was the 

direct correlation between soil alterations and the 

reduced concentration of key bioactive compounds in 

nearly all of the medicinal plants studied. For 

instance, the roots of Ashwagandha showed a 29% 

decrease in total withanolides, and turmeric rhizomes 

experienced a 34% reduction in total curcuminoids in 

the proximal zone compared to the control zone. 

Similarly, the essential oil yields of tulsi and 

lemongrass were significantly diminished, with the 

percentage of their primary active constituents, 

eugenol and citral, respectively, also declining. This 

widespread reduction in therapeutic compounds 

suggests that the medicinal quality and efficacy of 

these plants are compromised under the 

environmental stressors associated with solar power 

plant proximity. 

While the co-location of agriculture and solar energy 

offers benefits like sustainable land use and 

diversified income for farmers, our findings highlight 

a critical trade-off. The long-term viability of 

cultivating medicinal plants in these environments 

may be questionable without mitigation strategies to 

address soil degradation and heavy metal 

accumulation. Future research should focus on 

developing sustainable land management practices, 

such as using biochar or other soil amendments to 

buffer against pH changes and heavy metal uptake, 

as well as exploring plant varieties that are more 

tolerant to these specific environmental stressors. 

Ultimately, this research highlights the importance of 

a comprehensive approach to renewable energy 

development, incorporating rigorous environmental 

impact assessments to safeguard the long-term health 

of both our planet and its biodiversity. 
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