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Abstract: In this study, three distinct and unique modes of greenhouse drying are introduced: solar, solar-exhaust gas, and 
exhaust gas modes of drying. The effect of drying black nightshade seeds in the three modes was studied, using germinability 
as a measure of quality. In solar mode, seeds were dried from a moisture content of 89.34% (db) to 7.13% (db) with the 
greenhouse dryer room air temperature range of 14.82-58.46°C and relative humidity of 9.40-88.03%. In solar-exhaust gas 
mode drying was performed from 92.57% (db) to 6.07% (db) within a temperature range of 34.49-61.97°C and relative 
humidity of 7.10-39.27%. In exhaust gas mode black nightshade seeds were dried from an initial moisture content of 88.84% 
(db) to a final one of 9.42% (db) when the greenhouse dryer room air temperature ranged from 25.75 to 30.77°C and relative 
humidity inside the dryer was between 51.88 and 83.98%. The results show that exhaust gas drying mode had a difference of 
12.5% when its mean germination percentage was compared to solar mode of drying. Moreover, a 16.2% difference in means 
of germination percentage was recorded when solar-exhaust gas mode of drying was compared to exhaust gas mode. The 
highest mean germination percentage was recorded at 89% for exhaust gas drying mode because black nightshade seeds were 
subjected to temperatures ranging from 25.75 to 30.77°C. Modified Giner’s model predicted germination changes of black 
nightshade seeds more accurately than modified Sharp’s model due to the higher coefficient of determination (0.6896 > 0.6853) 
and lower root mean squared error (6.1554 < 6.4519). The activation energy in the modified Giner’s model was found to be 
7.034×1033 Joule/mole through model fitting to experimental data. In conclusion, it is recommended that the feasibility of 
exhaust gas energy use in drying be expanded to seeds of other African vegetable crops. 
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1. Introduction 

Seeds are the reproductive units of higher plants, and they 
have a significant place in agriculture and plant diversity 
maintenance [1]. Moreover, investigating how seed 
germination of multiple species in an ecosystem responds to 
environmental conditions is crucial for understanding the 
mechanisms for community structure and biodiversity 
maintenance [2]. It is important for seed scientists to be aware 
of areas on which to focus their research to support the work 

of the genebanks in conserving and making available plant 
genetic resources [3]. Bakhtavar et al. [4] have recommended 
that seed must be dried to safe moisture limits before storage 
and the dryness should be maintained throughout the supply 
chain. Previous studies have been undertaken to examine the 
effect of drying on viability, the water absorption pattern, 
laboratory and field germination and seedling growth on seeds 
of three citrus species, one of its allied genus and a hybrid [5]. 
In vegetable crops like black nightshade, high yield and 
growth are primarily associated with seedling health and early 
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emergence which induces a potential to cope with various 
biotic and abiotic stresses [6]. As long as the soil moisture 
requirements are met, germination can be achieved in one day 
and rainfall rather than temperature will be extremely limiting 
for seed germination in future climate scenarios [7]. Important 
parameters that influence seeds’ germination and seedlings’ 
emergence consist of environmental factors such as soil 
temperature, soil water potential, exposure to light, fluctuating 
temperatures, nitrates concentration, soil pH, and the gaseous 
environment of the soil [8]. 

One of the traditional and economical drying methods for 
seeds is to leave them in the field to be dried and another is to 
extract the seeds as proposed by Degwale et al. [9] then 
expose them to direct sunlight through open sun drying. In the 
present work, three methods of drying: solar, solar-exhaust 
gas, and exhaust gas have been introduced in a greenhouse 
dryer. Greenhouse drying has significant advantages over 
in-field and open sun drying such as early harvesting options, 
yield and quality benefits, and reduced threat of weather 
damage [10]. It is for these reasons that the three modes of 
drying were studied for black nightshade seeds. Seed quality is 
characterized by germination percentage and physical purity. 
Determination of key traits in seeds such as dormancy and 
viability is important, therefore, researchers like Krichen et al. 
[11] have introduced a modelling approach to identify the 
cardinal temperature of germination of needle grass, 
considering dormancy and viability after exposure to salinity 
and drought, conditions experienced in North Africa due to 
desertification. A state-of-the-art multichannel imaging 
method introduced by ElMasry et al. [12] has been 
recommended for monitoring germination and vigour in 
actual growing environments; and its applicability was 
reported to be critically important in identifying vigorous 
seeds that can tolerate abiotic and biotic stress under different 
conditions of the environment. According to Reed et al. [13], 
elevated temperature during seed development can delay 
germination and reduce seed vigour in crops such as cereals, 
legumes, and vegetable crops (black nightshade). Reed et al. 
[13] have argued that in the coming decades, maintaining a 
steady food supply for the increasing world population will 
require high yielding crop plants which can be productive 
under increasingly variable conditions. Black nightshade 
vegetable crop has been reported to have the ability to 
withstand the potential impact of climate change in addition to 
combatting malnutrition and contributing to Africa’s food 
supply [14, 15]. However, some authors have treated it as one 
of the worst weeds in crop fields [16] while others have 
promoted its cultivation through improved seeds germination 
by priming treatments [17] because of its economic and 
medicinal importance [14]. Khaeim et al. [18] have conducted 
a study that provides essential information regarding 
germination requirements and investigates tolerance to a 
range of environmental temperatures and drought stresses. 
The authors in their conclusion declared that dry weight could 
indicate seedling development, because dry matter 
accumulation is consistent with the physical measurement of 
seedling growth. Furthermore, Khaeim et al. [18], affirmed 

that different seed and seedling densities present no significant 
difference; thus, using a lower seed density is recommended 
for lab examination. 

To inhibit microorganisms and prevent germination during 
storage, seeds must be dried to safe moisture level. In the 
agriculture sector, low black nightshade seeds quality due to 
delayed or improper drying is a problem to farmers [14]. Chao 
et al. [19] have also shown a literature gap and reported that 
currently, the effects of different drying methods on bioactive 
compounds, antioxidant capacity and antityrosinase activity of 
seed-used pumpkin by-products are not clear, therefore, this 
influenced their selection for an optimal drying method to 
acquire particularly anticipated quality for dehydrated 
seed-used pumpkin by-products. A study on lentils by Najib et 

al. [20] revealed a knowledge gap on preparation of 
plant-based ingredients from germinated lentils using 
microwave-assisted infrared drying process. Lack of reported 
data necessitated Najib et al. [20] to carry out a 
comprehensive comparison of three lentil varieties in 
hydration, germination, and dehydration behaviour. Huang et 

al. [21] aimed to determine the optimum drying temperature 
for rice seeds according to their initial moisture content, and to 
elucidate the mechanism mediating the effects of drying 
temperature and initial moisture content on seed vigor of rice. 
The authors reported that drying temperature, drying rate, and 
seed temperature showed extremely significant negative 
correlations with germination energy, germination rate, 
germination index, and vigor index [21]. For a single seed 
population of each of four species of grain legume studied by 
Covell et al. [22], positive linear relationships were shown 
between temperature and rate of germination for different 
fractions of each population, from a base temperature, at 
which germination rate was zero, to an optimum temperature, 
at which germination rate was maximal. Subsequently, Ellis et 

al. [23] reported that a screening procedure which required 
information on the progress of germination at only four 
temperatures was able to define the response of the rate of 
seed germination to sub- and supra-optimal temperatures for 
whole seed populations of each of five bean genotypes. 
Aflakpui et al. [24] have also reported that positive linear 
relationships were established between the rate (reciprocal of 
time taken) of germination of 90% of the final germination 
percentage and temperature up to the respective optimal 
temperatures. 

In a recent study, Ismaili et al. [25] have determined 
optimal germination conditions for stachys mouretti an 
endemic species of Morocco considered rare and threatened. 
The researchers aimed to conserve and valorized the plant 
whose seeds were collected then subjected to alternating 
temperatures which had a significant effect on germination 
capacity. A recent methodology used to investigate the impact 
of temperature on germination of perennial ryegrass has been 
reported by Javaid et al. [26] and in their study, twenty seeds 
were placed uniformly in a Petri plate, lined with filter paper 
beneath the seed moistened with distilled water of three 
millilitres and then retained in an incubator at constant 
temperatures of 20, 25, 30 and 35°C for fifteen days. Javaid et 



 Journal of Chemical, Environmental and Biological Engineering 2023; 7(2): 44-56 46 
 

al. [26] concluded that temperature had a significant impact on 
seed germination of perennial ryegrass with optimum 
temperature for its germination as 25°C. Xie et al. [27] 
explored the suitability of radio frequency combined hot air 
drying and found that the technique reduced germination rate 
by 27.8% as compared to pulsed vacuum drying which 
maintained good germination rates when peanut pods used for 
seeds was dried. Coradi et al. [28] in a study aimed at 
evaluating the associations of drying temperature with storage 
systems and conditions as a strategy for preserving the quality 
of maize grain postharvest on laboratory and field scales; 
reported that an increase in temperature accelerated the 
reduction in grain moisture but increased deterioration. Baskin 
et al. [29] have pointed out the mistakes made in seed 
germination ecology, problems in determining the kind of 
dormancy and in extrapolating data to the field situation. The 
authors emphasized that even if treatments that seeds might 
experience in nature are effective in promoting germination, it 
is not safe to assume that they play an important role in nature 
[29]. In a study to determine the influences of temperatures on 
seed germination rate in Himalayan elm, the thermal time both 
at sub and supra-optimal temperatures increased linearly as 
the values of the percentile germination increased in all three 
seed sources but the seeds germinated at supra-optimal 
temperatures required less thermal time to germinate than at 
sub-optimal temperatures [30]. 

Maturity of seeds, dryer design, drying time, moisture 
content, and species or variety are the factors which affect 
seeds response to hot air drying [10]. High quality seeds 
tolerate stressful planting conditions and result in uniform 
stand which allows better secondary tillage operations, 
therefore, there is a need to maintain the quality through new 
methods of drying to ensure germinability [31]. In order to 
ensure that a seed lot of good quality (high seed viability) 
reaches the storage facilities, standard practices must be 
followed starting from seed collection and during postharvest 
seed management, prior to storing seeds [32]. De Vitis et al. 
[32] have documented a compendium of best practices, tools, 
and standards for the steps between postharvest seed handling 
and seed storage, for applications in restoration. Restoration 
studies by Budelsky and Galatowitsch [33] have shown 
particular interest in the potential influence of storage 
condition and duration (seed history) on seed response to 
different germination conditions with uniqueness in 
considering the effects of storage condition, storage duration, 
germination temperature, and germination moisture 
simultaneously for carex seeds to determine the optimum 
treatment combination for maintaining viability and 
stimulating germination. The proximate implications of the 
research by Budelsky and Galatowitsch [33] include 
recommendations for seed producers regarding the best 
storage conditions for maintaining seed viability after 
collection, the efficacy of short-term stratification on 
germination of stored seed, optimum conditions for growth 
chamber or greenhouse germination, and timing of seed 
dispersal in restorations and creations. Harrington [34] in a 
summary pointed out that seeds reach a peak of vigor and 

germination at the moment of full maturity and that man can 
only attempt to keep them as close to this peak as possible by 
proper harvesting and milling and by drying seed to safe 
moisture levels for storage until needed. 

From the above reviewed literature and to the best of the 
authors knowledge it is evident that published studies on use 
of exhaust gas energy to dry black nightshade seeds are 
limited with no clear consensus on recommended 
temperatures and drying methods’ influence on viability of 
black nightshade seeds. In addition, knowledge of seed 
germination response of species to environmental conditions 
is still scarce at the community level [2]. The present study, 
therefore, focused on drying behaviour and germination of 
black nightshade seeds subjected to solar, solar-exhaust gas 
and exhaust gas modes of drying in a greenhouse dryer. 
Drying experiments and standard germination tests were 
conducted to generate data to be fitted to two commonly used 
germination models to allow for selection of the best model to 
describe germination experimental data. The hypothesis 
proposed for this research was that germination percentage for 
the three drying modes was the same. The overall goal of this 
research was to determine the influence of the drying modes 
on the viability of black night shade seeds. Specifically, the 
authors asked the question: how will the drying modes 
influence viability of black nightshade seeds? 

2. Materials and Methods 

2.1. Description of Study Site 

Field experiments were set up at the Department of 
Agricultural and Biosystems Engineering, Jomo Kenyatta 
University of Agriculture and Technology (JKUAT), Kenya. 
The latitude and longitude angles of the University are 1°5�20.8��S and 37°0�30��E, while the altitude is 1527 m 
above the sea level. The mean annual temperature is 19.85°C 
with a mean annual maximum temperature of 24.91°C and a 
mean annual minimum temperature of 14.79°C. The relative 
humidities range from 15-80%. The climate for the study site 
is considered warm and temperate with an annual bimodal 
rainfall of 1014 mm characterized by cold rainy seasons 
occurring from April to August and October to December 
each year. 

2.2. Experimental Set Up 

The solar-exhaust gas greenhouse dryer used in this study is 
shown in Figure 1 (outside view). The measurements of the 
dryer were 8 m long, 4 m wide, and 2.6 m high. Figure 2 
shows the hybrid recuperative heat exchanger designed and 
developed to harvest exhaust gas heat energy from a diesel 
engine inside the dryer [35]. The diesel engine was capable of 
utilizing both diesel and biodiesel fuels as explained in the 
methodology of Orido et al. [36]. Four drying trays, two on 
the right and two on the left were fabricated inside the dryer to 
measure 6 m long by 1 m wide with a spacing of 0.3 m 
between the two levels of drying. The heat exchanger was 
placed below the drying trays and food-grade plastic mesh 
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screen held the drying products in position during the thin 
layer drying experiment as presented in Figure 3. 

 

Figure 1. Outside view of the solar-exhaust gas greenhouse dryer 

(reproduced from [14]). 

 

Figure 2. Recuperative heat exchanger in the solar-exhaust gas greenhouse 

dryer (reproduced from [35]). 

 

Figure 3. Thin layer drying of black nightshade seeds on a drying tray 

(reproduced from [14]). 

2.3. Instrumentation and Data Acquisition 

To study the variation of temperature and relative humidity 

profiles inside and outside the solar-exhaust gas greenhouse 
dryer, twenty-six (AM2301A, China) temperature and relative 
humidity composite sensors with calibrated digital signal 
output were used. Twenty-four of the sensors were placed at 
the desired locations inside the dryer while one RH sensor and 
another temperature sensor were placed outside the dryer. 
Surface temperatures of connectors and tubes of the heat 
exchanger were measured using twelve (DS18B20, China) 
programmable resolution 1-wire digital thermometers with 
operating temperature range of -55°C to +125°C (�0.1). The 
sensors (AM2301A, China), and (DS18B20, China), were 
programmed to record data in a microcontroller 
(ATmega2560, Italy). The Arduino Mega microcontroller was 
equipped with a 2 GB microSD card for data storage of the 
experiments. 

2.4. Germination Modelling 

To predict the percentage viability of seeds during storage 
after a given period of time, the relationship between 
temperature, moisture content and mean viability is used as 
given in (1) [37]. 

��	��� � �� � ��� � ���         (1) 

In (1), ��� is mean viability period in days (time taken for 
50% of the seeds to die), � is moisture content (% db), � is 
temperature (°C), ��, �� and �� are constants. Equation (2) 
[38, 39] is used to model the effect of time, temperature, and 
moisture content on the storage life of seeds. 

�� � ��� � � 10!"#$"%&'()$"*+$",+%-      (2) 

In (2), �� is storage time in days for the percentage viability 
to fall to �, ��, ��, �., and �/ are constants which vary for 
different crops and are independent of initial seed quality. �� 
is a constant specific to each seed lot and is a measure of initial 
seed quality. The change in seed germination which is a 
function of the resultant temperature from heat balance and 
moisture content for any time step is estimated using the 
modified Sharp’s model presented in (3) [10]. 

01 � 0� � 1
��!2342#5678942%:42*:%-       (3) 

In (3), 01 is germination of seed after � hours of exposure 
(%), 0� is initial germination of seed lot (%), ��  is initial 
moisture content of seeds (% db), � is temperature (°C), ��, ��, �� , and �.  are constants. Equation (4) is the modified 
Giner’s model [40] and is used to estimate germination (01) of 
seeds with initial germination (0�) after an exposure time (�), 
during which grain moisture (��) and absolute temperature 
(�;) are kept constant. 

<=
<3 � >?� @�A>?� B� CD

E+D F G� F G���HI �J    (4) 

To fit experimental data over a succession of time intervals 
(∆�), (5) [40] is used with grain moisture and temperature 
deemed constant. 
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E+DM + G� + G��NHI∆�J   (5) 

In (5), 01  is germination percentage at time � , 01O∆1  is 
germination percentage at time � + ∆� , �N  is mean grain 
moisture content during the interval ∆� (db, decimal), �;N is 
absolute temperature during the interval ∆�  (K), P;  is 
activation energy corresponding to viability loss (Joule/mole), Q is gas constant, and G� and G� are constants of the model. 
Equation (6) [41] which is a polynomial relationship between 
stress cracks and germination of seeds is used to find 
germination percentage of seeds. 

0 � �0.0211RS� + 2.051�S + 48.577        (6) 

In (6), 0  is germination percentage of seed and �S  is 
proportion of seeds having transverse or vertical stress cracks 
(%). 

Model validation was a necessary step to examine the 
developed and fitted models. Firstly, the coefficient was 
defined by (7), where U�  were the predicted values of the 
variable, V�  were the observed values, UW�  was an estimate of 
the average response, VW�  was the average of observations 
made and X was the number of elements of data from the 
experiment. 

Q� � ∑ �Z9$ZW9 %[9\#∑ �]9$]̂9 %[9\#                (7) 

Secondly, the performance of the model was measured in 
terms of RMSE (root mean squared error) as given in (8), 
where X  was the number of observations available for 
analysis, U�  were the predicted values of the variable and V�  
were the observed values. 

Q�_P � `�
a∑ �U� � V� �a�b�                 (8) 

Finally, plotting of the residuals against the independent 
variable was done as a standard through which the regression 
model could be validated statistically because it was used as a 
measure of the distribution of errors. 

2.5. Sampling Procedure 

The technique adopted in selecting black nightshade berries, 
for diameter and seeds number determination as quantitative 
parameter and qualitative variable, respectively, involved the 
sample design and size. A finite type of accessible population 
was considered with Western Kenya as the geographical 
sampling unit. To represent the accessible population under 
study, comprehensively and reliably, the sampling frame was 
defined as the source list composed of mature black 
nightshade berries from the vegetable crops within Western 
Kenya. The berries were deemed mature for harvesting when 
they were still held by the plant and their colour had turned 
orange from green to signify that they had ripened. In this 
study, diameter of black nightshade berries was treated as a 
quantitative parameter characteristic to the accessible black 
nightshade berries’ population and seeds number in a berry 
was a qualitative variable dependent on the diameter and 

characteristic to the sample of black nightshade berries drawn 
from the accessible population. To denote the number of black 
nightshade berries to be selected from the accessible 
population to constitute a sample, an optimum sample size that 
fulfilled the requirements of representativeness, reliability and 
flexibility was used. The sample procedure constituting the 
sample design was chosen to result in the smallest sampling 
error. The disproportionate sampling design was used as 
expressed in (9). 

a#
c#d# � a%

c%d% � a*
c*d* � ⋯……… � ag

cgdg        (9) 

In (9), X� , X� , X. ,…., Xh  denote the sample sizes of i 
strata; j� , j� , j. ,…., jh  denote the accessible black 
nightshade berries’ population sizes of i strata; and k�, k�, k. ,…., kh  denote the standard deviations of the berries’ 
diameters of i  strata. From (9), the allocation of the 
subsample sizes for each stratum was computed as expressed 
in (10). 

X� � ac9d9
c#d#Oc%d%Oc*d*O⋯……Ocgdg        (10) 

The confidence interval for the accessible black nightshade 
berries’ population mean (l), was given by (11). 

l ≥ n̂ � G d
√a                (11) 

In (11), n̂  is the sample mean, G  is the value of the 
standard variate at a given confidence level, X is the sample 
size and k  is the population standard deviation. The 
difference between the population mean (l), and the sample 
mean (n̂), was termed the acceptable error (P), which was 
computed as expressed in (12). 

P � BG d
√aH`�c$a 

�c$�                (12) 

In (12), j  is the size of the finite accessible black 
nightshade berries’ population and other terms are as defined 
previously in (11). Ripe black nightshade berries were plucked 
from buds of mature plants and placed in a sealed container. 
Plucking was done by the action of fingers to prevent 
unnecessary physical damage to the ripen berries that would 
have led to loss of seeds. A micrometer screw gauge was used 
to measure the diameter of the round berries. In order to 
measure the diameter, berries were placed between the jaws of 
the micrometer screw gauge and the thimble was rotated using 
a ratchet until each berry was secured. To read the results from 
the micrometer screw gauge, the first significant figure was 
taken from the last graduation showing on the sleeve directly 
to the left of the revolving thimble. An additional half scale 
division of 0.5 mm was included if the mark below the main 
scale was visible between the thimble and the main scale 
division on the sleeve. The remaining two significant 
figures—hundredths of a millimeter—were taken directly 
from the thimble opposite the main scale. The thimble had to 
line up with the main scale for the hundredths of a millimeter 
reading to be taken. To count the number of seeds within a 
berry, a sample of black nightshade berry was placed on a spot 
in the middle of a circular absorbent paper and with the 
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application of thumb pressure, it was smashed to extract the 
seeds from the concentration of soluble solids contained in the 
berry fruit. The pulp and skin of the black nightshade berry 
were then separated from the seeds, to allow the latter to be 
counted. A sample of 40 berries were evaluated in this manner. 
The data was used in an analysis to determine the relationship 
between black nightshade berry seed count and size across the 
largest diameter to the nearest 0.01 mm with a micrometer 
screw gauge. 

2.6. Standard Germination Test 

Experiments were conducted in order to accomplish the 
proposed objective of this study. The experiments involved 
seed sample collection, drying experiments, seeds quality tests 
and models fitting. Black nightshade seeds originated from 
Western Kenya and were dried under solar, solar-exhaust gas, 
and exhaust gas drying modes so that the influence of the 
drying conditions on the seed viability could be determined. A 
standard germination test for viability was conducted for the 
samples collected from the drying experiments. The objective 
was to determine the seed quality in terms of germination 
percentage (the percentage of seeds that develop into normal 
seedlings) under normal environmental planting conditions 
within a period of time. Seed samples were kept in aluminium 
containers under ambient conditions overnight to be in 
equilibrium with ambient temperature and reduce seeds stress. 
The standard germination test was conducted by placing seed 
samples on moist soil. Six replications of 30 seeds were 
performed for each drying mode. The seeds that had root and 
shoots longer than 2 mm were considered as germinated seeds 
and were counted after 7 days. Thereafter, the numbers 

obtained were converted to percentages. 

3. Results and Discussion 

3.1. Sampling Results 

The results of accessible population of black nightshade 
berries comprised of four strata such that: j� � 50, j� �100 , j. � 150  and j/ � 200 . The respective standard 
deviations of the diameters of the berries were: k� �0.6815	qq , k� � 0.6994	qq , k. � 0.7223	qq  and k/ � 0.8200	qq . A desirable sample size of 40 black 
nightshade berries was optimally allocated to the four strata 
using disproportionate sampling design as: X� � 4, X� � 7, X. � 12  and X/ � 17  with a 99% precision of P� �0.24	qq , P� � 0.18	qq , P. � 0.16 mm and P/ �0.17	qq. The accessible berries’ population mean diameter 
was, l � 6.83	qq  with a standard deviation of, k �0.7552	qq. The mean number of seeds in a berry in this 
study were 54 seeds—comparable with a study done by 
Schippers [42] where seed count in a berry was reported to be 
between 20-60 seeds. Figure 4 shows a scatter plot of the 
variations of seeds count with berries diameter. It reveals a 
linear relationship with a coefficient of determination, R2 = 
0.8328. The size in diameter of black nightshade berries was 
found to be directly related to the number of seeds in a berry at 
harvest on maturity. The maximum berry size in diameter was 
reported as 7.99 mm from an accessible population of 500 
berries. From the same population the minimum size in the 
form of diameter was recorded at 5.28 mm. 

 

Figure 4. Scatter plot of seeds’ count variation with berries’ diameter. 



 Journal of Chemical, Environmental and Biological Engineering 2023; 7(2): 44-56 50 
 

 
Results of regression analysis revealed that the number of 

seeds (js) on the y-axis was positively correlated with the 
diameter of berries (tu) on the x-axis. A linear regression 
model was developed from the data and is presented in (13) 
which is applicable for diameters ranging from 5 to 8 mm. 

js � 21.5207 F 4.7469tu       (13) 

In (13), js is the number of seeds in a berry, 21.5207 is the 
intercept (v�), of the model, 4.7469 is the slope (v�), of the 
regression model, tu  is the diameter of a berry. From the 
coefficient of determination, over 83% of the total variability 
in seed count was accounted for by the model, showing that, 
there exists a strong positive linear relationship between the 
number of seeds in a berry and the diameter of black 
nightshade berries. This implied that the number of seeds 
could be estimated from a berry’s diameter ranging from 5 to 8 
mm with reasonable certainty. The t-distribution similar to the 

t-test was used as the test statistic for the regression model’s 
intercept and slope. Making statistical inferences at the 0.05 
level of significance (w � 0.05), it was concluded that the true 
value of the intercept of the regression model lied in the 
interval 19.1191 to 23.9223 and similarly the true slope lied in 
the interval 4.4032 to 5.0905. The value of the t-distribution 
calculated from the data was more than the critical value of the 
t-distribution for a two tailed test with w � 0.05: (�x;&x �18.6082 , �xS�1 � 2.074 ) for the intercept and ( �x;&x �27.9584 , �xS�1 � 2.074 ) for the slope. Thus, there was 
enough evidence to reject the null hypotheses that the 
intercept and slope were equal to zero and it was concluded 
with 95% confidence that berries diameter is useful in 
predicting the number of seeds in a berry of black nightshade. 
The RMSE for the seed count model was 2 seeds. A plot of the 
residuals against the independent variable (berries’ diameter) 
is shown in Figure 5. 

 

Figure 5. Residual plot of seed count data for black nightshade berries. 

It was observed from Figure 5 that the seed count model 
gave a scattered residual plot, and this led to a conclusion that 
the model was able to explain the variation in the experimental 
data. The covariance was constant with a band width of most 
values at �2. 

3.2. Standard Germination Test Results 

The results of standard germination test are presented in 
Figure 6. The ANOVA results showed that at 0.05 level of 
significance yx;& � 17 z yxS�1 � 3.68. Thus, at least one of 
the drying modes was significantly different from the other. 
Fishers least significant difference (LSD) was determined as 
5.1%. The difference between the means of germination 
percentage of solar drying mode compared to solar-exhaust 
gas mode of drying were not significantly different at 3.7%. 
Exhaust gas drying mode had a difference of 12.5% when its 
mean germination percentage was compared to solar mode of 
drying. Moreover, a 16.2% difference in means of germination 
percentage was recorded when solar-exhaust gas mode of 

drying was compared to exhaust gas mode. The highest mean 
germination percentage was recorded at 89% for exhaust gas 
drying mode because black nightshade seeds were subjected 
to temperatures ranging from 25.75 to 30.77°C. These 
temperatures were lower when compared to those of the other 
two modes of drying: solar (14.82-58.46°C) and solar-exhaust 
gas (34.49-61.97°C). A number of authors have recommended 
low drying temperatures for seeds. Moreno et al. [15] have 
recommended 35-40°C for drying amaranth seeds in order to 
ensure viability. The authors reported an unacceptable 
decrease in amaranth seeds germination rate from 85 to 23% 
due to increased drying temperatures in microwave drying and 
forced convection drying using hot air in an electric oven. A 
slight decrease of germinability was observed in beech seeds 
dried at 30°C when Pukacka and Wójkiewicz [43] dried the 
seeds at 15 and 30°C. The previous study reviewed 15-20°C as 
the recommended temperature of drying beech seeds and 
contrasted broadleaved species to conifers specifically on 
their inability to withstand high drying temperatures. Xie et al. 
[27] have reported germination rates of up to 88% while 
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drying peanut pods used for seeds through hot air drying 
technique. Soares et al. [44] in a study aimed at evaluating the 
drying kinetics of barley grains in conventional and 

intermittent drying methods reported that drying at 40°C 
resulted in the highest values of germination energy and 
germination index. 

 

Figure 6. Six replications of germination tests on black nightshade seeds’ viability. 

3.3. Germination Models Fitting 

Modified Sharp’s model and modified Giner’s model have 
been commonly used in predicting germination percentage of 
seeds during drying process. Consequently, in the present 
study, experimental data of standard germination test were 
used to fit the two models using data collected from exhaust 

gas mode of drying. This mode of drying was chosen because 
black nightshade seeds dried under it had the highest 
germination percentages The patterns from Sharp’s model and 
Giner’s model were used in R statistical software (mosaic 
collection of packages) to obtain the values of RMSEs, and 
constants as presented in Table 1. 

Table 1. Germination models’ parameters. 

Model R2 RMSE Constants 

Modified Sharp’s Model 

01 � 0� � 1
��!2342#5678942%:42*:%-  0.6853 6.4519 

�� � 30.874 �� � 0.0163 �� � 0.0229 �. � 0.0101 
Modified Giner’s Model 
<=
<3 � >?� @�A>?� B� CD

E+D F G� F G���HI �J  
0.6896 6.1554 

P; � 7.034 { 10.. G� � 2.64 { 10�| G� � 1.88 { 10�| 

 

Figure 7 shows the performance of modified Sharp’s model 
against experimental germination data. Figure 8 is a 
correlation between the observed and predicted germination 

percentages when modified Sharp’s model was used. Figure 9 
is a plot of residuals resulting from the predictions of modified 
Sharp’s model. 

 

Figure 7. Modified Sharp’s model performance compared to experimental data. 
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Figure 8. Correlation between observed and predicted germination percentages using modified Sharp’s model. 

 

Figure 9. Residual plots of modified Sharp’s model predictions. 

Figure 10 shows the performance of modified Giner’s model against experimental germination data. Figure 11 is correlation 
between the observed and predicted germination percentages when modified Giner’s model was used. Figure 12 is a plot of 
residuals resulting from the predictions of modified Giner’s model. 

 

Figure 10. Modified Giner’s model performance compared to experimental data. 
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Figure 11. Correlation between observed and predicted germination percentages using modified Giner’s model. 

 

Figure 12. Residual plots of modified Giner’s model predictions. 

Modified Giner’s model predicted germination changes of 
black nightshade seeds more accurately than modified Sharp’s 
model due to the higher coefficient of determination (0.6896 > 
0.6853) and lower root mean squared error (6.1554 < 6.4519). 
The survival analysis procedures with life tables, logistic 
regression, and accelerated failure are the most informative 
analyses for seed germination studies [45]. In this regard, the 
statistical procedure selected to evaluate the models’ 
parameters shown in Table 1 best tested the hypothesis posed 
by the experiments in the current study to provide as much 
ancillary information as possible. Graphical evaluation of 
percent germination shown in Figures 7 to 12 was a useful step 
in analysis to promote stand establishment through the use of 
exhaust gas energy to dry black nightshade seeds. 

4. Conclusions 

In this study, three modes of drying in a greenhouse dryer 
(solar, solar-exhaust gas, and exhaust gas modes) were 
applied to black nightshade seeds. The viability of black 
nightshade seeds samples collected during drying 

experiments was assessed by standard germination test. 
Exhaust gas mode of drying was recommended as the most 
suitable mode of drying black nightshade seeds because it 
produced the highest mean germination rate of 89%. The 
models described in this study have potential use as seeds 
management protocols in quantifying seeds in berries and 
assessing germination. Modified Giner’s model predicted 
germination changes of black nightshade seeds more 
accurately than modified Sharp’s model due to the higher 
coefficient of determination (0.6896 > 0.6853) and lower root 
mean squared error (6.1554 < 6.4519). The activation energy 
in the modified Giner’s model was found to be 7.034 {10.. Joule/mole through model fitting to experimental data. 
It is recommended that the feasibility of exhaust gas energy 
use in drying be expanded to seeds of other African vegetable 
crops. There is need for research to be conducted on moisture 
sorption isotherms of black nightshade seeds for equilibrium 
moisture content evaluation. The effect of volumetric 
shrinkage, moisture diffusivity and geometric changes on 
heat and mass transfer in black nightshade seeds drying 
needs determination. 
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