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Abstract 

This research was aimed to optimize hydrogen production from fruit waste, particularly on the effect of the substrate-to-

inoculum ratio (SIR). Production of hydrogen was carried out through dark fermentation process both in mesophilic (30 °C, 1 

atm) and thermophilic (55 °C, 1 atm) condition. Fermentation was conducted at SIR value ranging from 0.800 to 174 VSsubstrate/g 

VSinoc. In mesophilic fermentation, the highest cumulative total gas yield was achieved at SIR value of 19 corresponding total 

gas yield of 113 ml STP/g VS (5%v of H2). In thermophilic condition, the highest H2 yield was obtained at SIR value of 0.800 

VSsubstrate/g VSinoc with H2 yield of 294 mL STP/g VS (50 – 60%v of purity). It was noticed that the lower SIR value, the higher 

hydrogen yield. In summary, it is concluded that substrate-to-inoculum ratio (SIR) plays important role in dark fermentation 

process to produce renewable energy of hydrogen fuel. 
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Abstrak 

Kajian ini merupakan langkah pengoptimuman penghasilan hidrogen dari bahan buangan buah, khususnya pada pengaruh nisbah 

substrat-inokulum (NSI). Penghasilan hidrogen dilakukan melalui proses fermentasi tanpa cahaya pada kondisi mesofilik (30 °C, 

1 atm) dan termofilik (55 °C, 1 atm). Fermentasi dilakukan dengan variasi nilai NSI antara 0,800 dan 174 g VSsubstrate/g VSinoc. 

Pada fermentasi mesofilik, hasil gas total kumulatif tertinggi diperoleh pada nilai NSI 19 g VSsubstrate/g VSinoc dengan nilai 

penghasilan gas sebesar 113 ml STP/g VS (5%v/v gas H2). Sedangkan proses fermentasi termofilik, hasil hidrogen kumulatif 

tertinggi dicapai pada nilai RSI 0,800 VSsubstrate/g VSinoc sebesar 294 ml STP H2/g VS (ketulenan H2 50-60%v/v). Hal ini 

menunjukkan bahawa semakin kecil nilai NSI, hasil gas hidrogen menjadi semakin besar. Sehingga dapat disimpulkan bahawa 

faktor nisbah substrat terhadap inokulum (NSI) memiliki peranan penting dalam proses fermentasi tanpa cahaya untuk 

menghasilkan sumber tenaga baharu hidrogen.  

 

Kata kunci:  hidrogen, fermentasi, nisbah substrat-inokulum, bahan buangan buah, tenaga baharu 

 

 

Introduction 

Indonesia is one of the developing countries with significant economic growth and social development in South 

East Asia (SEA) region nowadays. Consequently, the Indonesian Government need to secure its energy supply to 
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support this growth. For this purpose, the country relies mainly on fossil fuel in term of oil, coal, and gas accounting 

for approximately 96% of total primary energy consumption or equivalent to 1,358 million BOE in 2014 [1]. The 

high dependence on this fuel has led to many occurring environmental impacts during the last few decades such as 

depletion of natural resources (oil, coal and gas reserves), increases of CO2 and particulate matter concentration in 

many cities, water contamination and climate changes [2]. To mitigate those impacts, the Indonesian Government 

has made some efforts to leverage the use of renewable energy sources for fulfilling energy demand in the future 

[3]. The Government Regulation No. 5/2006 states that the national energy share in the year 2025 is oil < 20%, gas 

30%, coal 33%, renewable energy > 17% consisting of biofuel (5%), geothermal energy (5%), biomass, nuclear 

power, hydropower, solar energy (5%) and coal liquefaction (2%) [4].  The share of biofuel refers to biodiesel, 

bioethanol, biogas, and also biohydrogen which has a huge potential generation from renewable sources. Therefore, 

the government has made many efforts to implement strategies in developing renewable energy production 

efficiently.  

 

Hydrogen fuel is one of the most promising fuels to mitigate major environmental impacts of fossil fuel. It is a clean 

energy carrier i.e. carbon free, emits only water vapor, has high energy density (142 kJ/g), has less emission of 

greenhouse gasses i.e.CO2, and has better energy conversion in fuel cell up to 50% efficiency. Hydrogen production 

is conducted generally through water splitting when there is sufficient input of free excess energy, otherwise, it is 

uneconomically feasible to establish. Hydrogen production with the involvement of microbial activity to grow and 

generate hydrogen become more attractive to elaborate further due to its convenient process condition. For example, 

mesophilic dark fermentation of organic substrate is able to occur at ambient condition (35 °C, 1 atm, pH 5) with 

practical yield of 1-3 mol H2/mol glucose [5]. In addition, utilization of organic waste as a substrate to generate this 

hydrogen provide simultaneous solution between mitigating waste problems and renewable energy production. One 

of these organic wastes available in abundant quantities from the agricultural sector in Indonesia is fruit waste.  

 

The waste originates from a fragment of harvested fruits which turned into non-economically value products due to 

deterioration, market off-specs, and physical damages during agricultural production, post-harvesting handling and 

storage, processing, distribution, and consumption pattern. According to Central Bureau of Statistics of Indonesia, it 

was reported that there were more than 17.500 million tons of total edible fruits harvested throughout Indonesia in 

2014. Apart from this quantity, the fruits turned into waste at particular percentages depending on cultivation, 

processing, and distribution technologies. For example, fruit and vegetable waste was estimated approximately 55% 

of total harvested in South and South East Asia region [6]. Global fresh fruit losses were estimated at least 6.800% 

of total harvested through region worldwide [7]. Local grocery fruit market in Yogyakarta Province, Indonesia 

threw away up to 10 tons/day i.e. 10% of incoming fruits due to deterioration during transportation [8]. The 

majority of these wastes were untreated prior to open dumping area which potentially causes severe environmental 

problems such as water and soil contamination, emission of methane, diseases, and other health-related problems.  

 

Hydrogen production through dark fermentation is limited to low hydrogen yield and gas production rate due to 

non-optimized operational condition, of which is the substrate-to-inoculum ratio (SIR). When SIR is low, the 

fermentation occurs at the limited source of the substrate which potentially prevents the optimum growth of 

microorganisms. On the contrary, higher SIR indicates an overwhelming substrate which may cause inhibition of 

substrates, indigenous volatile compounds (e.g. limonene, eugenol, phloretin) and by-products (volatile fatty acids). 

Cappai et al. [9] reported that the optimum SIR was achieved at 0.140 g VSinoc/g VSsubstrate (equivalent to SIR 7.140) 

with H2 yield of 88.800 liters STP/kg VS of food waste). When peach pulp waste as a substrate, the optimum ratio 

was found at 0.009 VSinoc/g VSsubstrate (SIR 111) [10]. This indicates that optimum SIR is affected by the type of 

substrate. Therefore, this research was meant to investigate the optimum condition of SIR on dark fermentation of 

fruit waste.  

 

Materials and Methods 

Source of inoculum and fruit waste 

Source of mesophilic inoculum was originated from the residual sludge of cow dung-to-biogas plant. The 

thermophilic inoculum was collected from the residual sludge of organic fraction of municipal solid waste 

(OFMSW) to biogas plant. Both sludges passed through sub-sequential acid treatment (pH 5, 24 hours’ exposure 

time) and heat-shock treatment (95 °C, 45 minutes).  
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Fruit waste i.e. Apple (Malus pumila), citrus (Citrus grandis (L.) Osbeck), and melon (Cucumis melo) was collected 

from the local grocery market. The waste was individually chopped and grounded using kitchen blender with the 

addition of tap water to ease the blending operation. It was then stored at cold room (5 °C, 1 atm) prior to being 

used in the experiment, thereafter called as feedstock. 

 

Experimental set up 

Dark fermentation of fruit waste was conducted using 120 mL serum vial injection bottles as a bioreactor for batch 

assays assessment. Each digester was filled out with 20 mL of inoculum seed, 15 mL of distilled water, 5 mL of 

macronutrients, and 2.500 mL of micronutrients and feedstock. The volume of feedstock added to bioreactor was 

adjusted to meet the substrate-to-inoculum ratio of each fruit waste within the range between 0.800 and 174 g 

VSsubstrate/g VSinoc. Each bioreactor was then closed and sealed using butyl rubber stopper and aluminum cap 

followed with flushing of N2 gas for 3 minutes. The experimental run was performed in triplicate. A solution of 

macro- and micro-nutrients were also prepared by addition of 11.400 g FeCl2.4H2O, 4.681 g KH2PO4, 0.814 g 

NH4Cl and 3 g NaHCO3, 0.320 g MgSO4.7H2O, 32 mg NiSO4.6H2O, 50 mg CaCl2, 7 mg Na2B4O7.10H2O, 14 mg 

(NH4)6Mo7O24.4H20, 23 mg ZnCl2, 21 mg CoCl6.H2O, 10 mg CuCl2.2H2O into 1000 mL of DW respectively 

 

Analysis  

Total gas production during dark fermentation process was conducted through measurement of bioreactor’s 

headspace pressure. Analysis of hydrogen content was performed using a gas chromatography unit (Auto System 

Perkin Elmer, Waltham, MA) equipped with Perkin Elmer packed column, 6’x 1.8” OD, 8-/100 mesh and thermal 

conductivity detector with oven, injection and detector temperatures as 75 °C, 150 °C, and 200 °C, respectively. 

Analysis of limonene concentration was performed using GC-MS (HP G1800C, Agilent, Palo Alto CA) with helium 

as a carrier gas with initial temperature of 50 °C and temperature increasing the rate of 15 °C/min up to 250 °C and 

it was maintained at this temperature for 3 minutes. Extraction of limonene in citrus was conducted using n-heptane 

(25 mL, 99% purity) to 14 mL of citrus juice and centrifugation at 3500 g (30 minutes). Nitrogen was used as 

carrier gas operating at 40 mL/min flow rate at 60 °C. Analysis of monosaccharide was carried out using HPLC-

based on reference [11]. Analysis of moisture, total solid (TS), volatile solid (VS), and ash was carried out 

according to the standard method of water and wastewater analysis of American Public Health Association (APHA) 

procedures [12]. The degree of acidity (pH) was measured using digital pH meter (Jenway, UK). 

 

Results and Discussion 

Characteristics of selected fruit waste 

Global fruit production was recorded nearly 400 million metric tons in 2014 [13]. It was comprised of bananas, 

watermelons, apples, grapes, citrus, mangoes, plantain, and melons as the top ten global fruit harvested as shown in 

Figure 1. Accordingly, most of the fruit waste consists of these sorts of fruits which may be found in any region. 

Valorization of these waste through fermentation to produce hydrogen is a promising method to mitigate 

environmental impacts and generating renewable energy sources on a global scale. Apple (Malus pumila), citrus 

(Citrus grandis (L.) Osbeck), and melon (Cucumis melo) waste was estimated to be the highest waste composition 

due to physical damage and deterioration during cultivation to transportation considering their soft peel structure 

compare to the other fruits. Global apple production was more than 84 million tons spread out throughout many 

regions, except for the small quantity in Southeast Asia (4.8 MMT). Therefore, this research was focused on the 

utilization of the three fruits as representative of global fruit waste and only citrus and melon as representative of 

SEA region.  
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Figure 1.  Fruit Production in Global region, Southeast Asia region (SEA), and Indonesia [13] 

 

Apple (Malus pumila), citrus (Citrus grandis (L.) Osbeck), and melon (Cucumis melo) were characterized by their 

physicochemical properties as shown in Table 1. More than 90% of total fruit weight is composed of water and 

soluble sugars. Total and volatile solid of both citrus and apple are similar accounting for 5-6% and 97% 

respectively, except that of melon. The volatile solid content of melon is lower due to the higher content of ashes. It 

was reported that melon peels contain 69.770% of carbohydrate and 3.670% of Ashes [17]. Limonene was found in 

citrus fruit at 0.125 mg/L of whole citrus fruit juice. Phloretin was reported as a major component in apple seed at 

concentration 1,674 mg/kg. Although eugenol could be found in each of the fruit, the highest concentration was 

exhibited in melon fruit. These three volatile compounds are known as an antimicrobial agent. The previous 

experiments demonstrated that methane production was interrupted due to the presence of limonene with half 

maximum inhibitory concentration, IC50 was 669 mg/kg [20]. Phloretin in Apple was also reported to cause growth 

inhibition of some Gram positive and Gram-negative bacteria such as Staphylococcus aureus and Salmonella 

typhimurium, respectively with a MICs 125 μg/mL [21]. In addition, eugenol was shown to inhibit the activation 

and maturation of dendritic cells of microorganisms with IC50 approximately at 50 μM [22]. This indicates that 

optimization of hydrogen production from the fruit waste is also related to inhibition or retardation of these three 

volatile compounds. In addition, total soluble sugar was found higher in apple and melon compared to that in citrus 

indicating that the two fruits have higher readily available substrate for the fermentation process.  

 

Table 1.  Characteristics of fruit waste 

Parameters Citrus 

(Citrus grandis L.) 

Apple 

(Malus pumila) 

Melon 

(Cucumis melo) 

Refs. 

Total Solid (%) 6.020 (0.000) 5.040 (0.570) 6.720 (0.220)  

Volatile Solid (%) 96.810 (0.140) 97.690 (0.250) 90.630 (0.680)  

Ph 4.050 (0.040) 3.370 (0.010) 5.970 (0.060)  

Limonene (mg/L juices)  0.125 (0.010) - -  

Phloretin (mg/kg) - 1,674 - [14]  

Total Dietary Fiber 

 (g/100 g dried base) 

63.240(1.430) 76.840(1.240) 41.690 [15 – 18]  

Eugenol (𝜇g/kg) 379 239 2302.400 [19]  

Soluble Glucose (g/L) 5.110 7.180 6.960  

Soluble Fructose (g/L) 0.270 12.390 4.860  

Total Soluble Sugar (g/L) 5.380 19.570 11.820  
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Mesophilic dark fermentation 

Mesophilic fermentation of fruit waste was conducted at temperature of 30 °C, pressure 1 bar and pH 5.0. Five SIR 

values were investigated to evaluate its effect toward total gas yield of biohydrogen production. The previous 

reports state that optimum hydrogen production from ground waste paper was achieved at a substrate concentration 

of 18.58 ±2.45 g/L and biomass concentration of 0.5 g/L which is equivalent to SIR of 42. On the other hand, 

optimum SIR value of 111 and 7.140 was obtained from fermentation of peach pulp and food waste respectively. 

Since there is various optimum value for the particular type of substrate, this experiment investigated SIR value 

ranging from 19 – 174 g VSsubstrate/g VSinoc.  

 

A time course of total gas yield and hydrogen percentages during fermentation of citrus and melon waste at the SIR 

values is illustrated in Figure 2. The highest total gas yield was obtained from citrus and melon fermentation at SIR 

value of 19 g VSsubstrate/g VSinoc corresponding to 113 and 98 ml STP/g VS respectively. Increasing SIR value to 174 

g VSsubstrate/g VSinoc caused significant reduction of the yield up to 76%. A similar pattern of the yield was noticed 

for both citrus and melon.  

 

    
 

    

Figure 2. Total gas yield and percentages of hydrogen during mesophilic fermentation (30 °C, 1 atm) at various 

SIR values (□ SIR 19, ◊ SIR 29, ∆ 𝑆𝐼𝑅 58,× 𝑆𝐼𝑅 116, +𝑆𝐼𝑅 174) 

 

The lower SIR value which implies an ideal ratio of carbon sources to the microorganism population, the higher 

total gas yield. High SIR may lead to the overwhelming food supply to the limited population of the 

microorganisms leading to substrate inhibition or by-products retardation such as volatile fatty acids accumulation 

(pH decrease) [5]. This result was in agreement with the previous report that higher substrate concentration (0.5 to 2 

g/L) led to a reduction of hydrogen production from 105 to 50 ml STP H2 (appx. 50% reduction) [23].  
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It was also exhibited that type of fruits does not affect the yield pattern towards SIR, except for its quantitative 

values. Citrus waste could generate higher total gas yield which might be due to high IC50 (669 mg/kg) and lower 

content of limonene (0.125 mg/L) compare to that of melon i.e. IC50 of 50 μM and eugenol content of 2302.400 

μg/kg. Eugenol concentration at SIR of 174 was estimated to value of 41.760 mg/kg or 254 μM (5 times of IC50). 

Meanwhile, limonene concentration at the same SIR was only 2.25 mg/kg (0.336% of IC50). In addition, total 

dietary fiber (TDF) in citrus waste which mainly consists of cellulose, hemicellulose, pectin, lignin is higher 

(63.240%) compare to that of melon (41.690%). Higher TDF content provides more potential substrate to produce 

hydrogen at the same SIR, whereas it can decrease the gas yield at the increasing SIR due to recalcitrant properties 

of the fiber.  

 

The highest hydrogen percentages of citrus and melon fermentation were achieved at the value of 27%v at 48 hours 

and 10.8%v at 24 hours, respectively. In Figure 1, it was noticed that this percentage declined after the 48 and 24 

hours of citrus and melon fermentation respectively because of pH decreases thereby microbial activity to generate 

more hydrogen was retarded. The addition of buffer solution (NaHCO3(aq)) could be the solution to improve the H2 

percentage by increasing the buffering capacity of the fermentation process. As a result, the hydrogen yield from the 

citrus and melon fermentation was approximately 14.333 and 4.900 mL H2/g VSadded respectively. Although this 

result is considered low to the maximum achievable yield i.e. 4 mol H2/mol glucose (497 mL H2/g glucose), it is 

quite reasonable at mesophilic condition using fruit waste containing high TDF. As a comparison, hydrogen yield 

value of 0.02 mmol H2/g cellulose (0.448 mL H2/g cellulose) was obtained from fermentation of cellulose at 4.7 g/L 

and 26 °C. At higher temperature (37 °C), the yield increased to 3.66 mmol H2/g cellulose (75 ml H2/g cellulose) 

[24].  

 

Thermophilic dark fermentation 

Biohydrogen production from citrus, apple, and melon waste which was conducted in thermophilic condition is 

depicted in Figure 3. In this fermentation, Apple was also investigated as a substrate to accommodate the high 

global production of this fruit. Due to low H2 yield during mesophilic fermentation, it was decided to conduct 

thermophilic one at 55 °C, 1 atm and pH 5.0.  In addition, a lower SIR values of 0.800 and 1.500 g VSsubstrate/g 

VSinoc was also selected based on previous report that the optimum substrate (food waste) to inoculum ratio was 2 g 

VSsubstrate/g VSinoc [25]. The SIR value in this experiment was selected to even lower in order to authenticate whether 

or not similar pattern of gas yield will occur. 

 

Hydrogen yield profile during fermentation of citrus, melon and apple is depicted in Figure 3. It was observed that a 

similar pattern of hydrogen gas yield occurred that the lower SIR of any fruit waste, the higher H2 yield. The highest 

H2 yield was obtained from apple waste at SIR 0.800 corresponding to H2 yield of 294 mL STP/g VS (50-60%v of 

purity). This might be due to high content of TDF and total soluble sugars in apple waste compare to that of citrus 

and melon. It was also demonstrated that an increase in SIR value of 1.500 g VSsubstrate/g VSinoc could decrease H2 

yield up to 38%v. Whereas, the lower H2 yield was attained from fermentation of melon waste at SIR of 1.500 

corresponding to 133 mL STP H2/g VS. This result is comparable to some previous report on thermophilic dark 

fermentation. As a comparison, a similar result was demonstrated from immobilized system of dark fermentation 

using glucose as substrate i.e. 1.9 mol H2/mol glucose (244 mL H2/g glucose) [26]. A lower yield was also reported 

when starch and cellulose was utilized as substrate with corresponding yield of 92 mL H2/g starch and 102 mL H2/g 

cellulose [5]. 

 

Effect of inhibition due to the presence of volatile compounds (limonene, eugenol and phloretin) was not observed 

significantly in comparison to that of mesophilic condition. Both lower SIR values and higher temperature provide 

concentration of these compounds significantly below inhibition concentration (IC50). Low SIR implies less quantity 

of substrate addition to fermentation so that there is only limited concentration in the same population of 

microorganism. Whereas, higher temperature (55 °C) condition could induce evaporation of these compounds and 

decrease the solubility in water. The hydrogen yield is 20-fold in thermophilic fermentation compare to that of 

mesophilic one. Therefore, combination of these SIR and temperature results in optimum condition for improving 

H2 yield in this fermentation.  
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Figure 3.  Profile of hydrogen yield during thermophilic fermentation (55 °C,1 atm) at various SIR values  (□ SIR 

0.800, ∆ 𝑆𝐼𝑅 1.500) 

 

 

Conclusion 

Optimization of hydrogen production from fruit waste through dark fermentation was achieved through adjustment 

of the substrate-to-inoculum ratio (SIR). It was demonstrated that the lower SIR value, the higher total gas yield. 

The highest one was achieved from fermentation of apple waste at thermophilic condition (55℃) and SIR of 0.800 g 

VSsubstrate/g VSinoc corresponding to H2 yield of 294 ml STP/g VSadded (50-60%v of H2). It was noticed that there is 

the consistency of SIR effect toward hydrogen production regardless the type of fruit waste. This optimized 

condition may be implemented to improve the renewable energy of hydrogen production for better environment.   
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