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Abstract

:

Palm oil mill effluent (POME) is a major concern as open lagoon technology is not environment-friendly. Therefore, the palm oil industry refers to a roundtable on sustainable palm oil (RSPO), Indonesian sustainable palm oil (ISPO), and Malaysian sustainable palm oil (MSPO) standards for POME treatment to reduce greenhouse gas emissions. An alternative POME treatment technology is the combination of open lagoon technology (COLT) with composting, biogas technology plus composting, biogas technology plus membrane, and biogas technology plus land application. The objective of this study is to analyze the life cycle assessment (LCA) result using a multi-criteria decision approach and to determine the implementation of POME treatment in the RSPO, ISPO, and MSPO standards. The LCA system boundary was considered from gate-to-gate and unit per ton of fresh fruit bunch as a functional unit. SimaPro® was used as the LCA analysis tool; Expert Choice® and Super Decision Software® were used to perform the analytic hierarchy process and analytic network process, respectively. In this study, COLT–Biogas plus composting technology had the maximum priority weight (0.470), according to the opinion of experts. The results could help palm oil mill decision-makers in choosing environment-friendly POME treatment technology.
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1. Introduction


Palm oil is one of the most important commodities in Indonesia, and palm oil production continues to increase, especially in the last decades. North Sumatra, a province in Indonesia, is one of the largest palm growers, and the second-largest palm oil producer. In 2014, North Sumatra had a crude palm oil (CPO) production of 4.75 million tons, which accounted for 16.2% of the total CPO production in Indonesia [1]. Palm oil is the extractable, liquid product of fresh fruit bunch (FFB) of the oil palm plant when it is milled. The extraction process uses hot water, which produces liquid waste after extraction. The liquid waste is called “palm oil mill effluent” (POME). The palm oil mill not only releases the liquid waste but also releases solid waste and gaseous emissions. The solid wastes are oil palm empty fruit bunch (EFB), oil palm shell (shell), and oil palm fiber (fiber). Gaseous emissions come from the biomass-boiler chimney and are used for electricity generation. POME treatment is dominated by open lagoon technology [2]. This technology has environmentally detrimental effects because it releases significant greenhouse gases (GHGs) and needs more than 60–90 days of hydraulic retention time (HRT) (Figure 1).



Studies have investigated actual GHG emissions from lagoons and open digesting tanks in oil palm mills and reported that the contribution of methane to biogas released from open digesting tanks and lagoon systems is 35% and 45%, respectively. POME treatment technology is being developed in a variety of ways to achieve a sustainable palm oil industry, whose target is to reduce GHG emissions. The treatment of POME must comply with the roundtable on sustainable palm oil (RSPO), Indonesian sustainable palm oil (ISPO), and Malaysian sustainable palm oil (MSPO) certification requirements for a sustainable palm oil industry from 2020, following RSPO and ISPO regulations, regarding the Indonesian government’s commitment in reducing GHG emissions by 29% by 2030 [3]. In this case, RSPO, ISPO, and MSPO standards have the same goal in the reduction of emissions. The differences and the points in common of RSPO, ISPO, and MSPO standards for mitigation of GHG emissions are shown in Table 1. In general, the differences between RSPO, ISPO, and MSPO standards are directives on business practices and plantation management, which require ethical commitment in business operations and transactions [4]. In terms of its environment, the RSPO has the clearest explanation related to the principles, criteria, indicators, guidelines, and requirements for the environment.



Open lagoon technology for POME treatment must be avoided and replaced with other technologies that have comparatively less environmentally damaging effects to comply with certification standards. Life cycle assessment (LCA) is one of the standard methods for environmental assessment of products and for the design of technology to incorporate sustainability. The internationally recognized standards of LCA is ISO 14040-14044, which provide and describe the principles and framework of LCA [5]. The principles and structures of these ISO standards include the goals and scope of life cycle assessment, life cycle inventory analysis (LCI), life cycle impact assessment (LCIA), life cycle interpretation, reporting, critical review, limitations, and the relationship between the different LCA steps [6,7]. LCA has the advantage of being able to identify the priorities, avoid problem shifting, and comprehensiveness of addressing environmental impacts associated with the generation of palm oil [8]. However, LCA is a complex process, taking significant time, which depends on the normalization of reference data, and requires a complex interpretation of the results [9]. The results of LCA can highlight the environmental impacts caused, in the absence of the input of well-informed decision making by a planner, developer, and policymaker. One of the conclusions of the Commission of the European Communities in their final report was that LCA must be applied as the decision-supporting tool and not as stand-alone decision-making method [10] to minimize the LCA results. One multi-criteria decision analysis (MCDA) system is the analytic hierarchy process (AHP) that is appropriate for application to complex problems or an issue involving value or subjective judgments [11,12]. AHP assumes that criteria are independent of each other and provide a baseline for some criteria that have different units [13]. The strengths of AHP have the possibility of weighting the criteria with their dimensions and a single score for an overall evaluation. Another MCDA is the analytic network process (ANP), which is an extension of the AHP and a non-linear structure with a two-way connection [14,15].



In this study, LCA and MCDA were sequentially applied to find the best combination of POME processing technology to replace open lagoon technology. Furthermore, this research applies the LCA method in the first step, according to RSPO, ISPO, and MSPO standards. The next step is to employ the MCDA method for using AHP and ANP to find more comprehensive and precise conclusions. The MCDA method is applied after LCA because LCA does not rank environmental impacts in order of priority. The research workflow is presented in Figure 2.




2. Materials and Methods


2.1. POME Treatment


POME treatment technology is still dominated by open lagoon technology, which is known as the simplest and cheapest method (Figure 1). However, this technology emits abundant GHGs, especially from anaerobic and aerobic ponds [16]. In this study, two alternatives to POME treatment combined with open lagoon technology were analyzed: one with composting, and the second with biogas technology. As composting and biogas technology require fat pits and de-oiling ponds as the final collection point of crude palm oil, a combination of open lagoon technology (COLT–Composting), and COLT–Biogas was evaluated. COLT-Composting is one of the proven technologies that produce compost as an organic fertilizer [17]. The composting process is co-composting between POME and EFB as the material involved. COLT–Biogas is a technology that can produce biogas by fermentation in an anaerobic digester. Finally, the biogas could be converted to electricity by using the gas engine after purification of CO2, desulfurization, and dewatering. In this study, treated POME from COLT–Biogas had chemical oxygen demand (COD) content that exceeded the discharge limit of the waterway entering the river. The POME was treated using composting technology (COLT–Biogas A), land application technology (COLT–Biogas B), and membrane technology (COLT–Biogas C).



COLT–Biogas A is a combination of the COLT–Biogas technology with composting technology (Figure 3). The composting process in this alternative is similar to that of the COLT–Composting technology. However, the source of POME for watering the EFB during the fermentation process uses treated POME. Meanwhile, COLT–Composting uses POME from the de-oiling pond. COLT–Biogas B requires the POME to be applied to the land as a final treatment for treated POME from the biogas reactor. The land application has liquid fertilizer that flows to the plantation. COLT–Biogas C is a combination of biogas technology and membrane technology. A double reverse osmosis membrane was used for this combination of technologies. The information about whole POME alternative treatments is referred to in our previous study [18].



COLT–Biogas B is a combination of technologies that use biogas technology as the first treatment technology, followed by land application technology. As COD of treated POME of biogas still exceeds the standard environmental acceptance criteria when released to the surrounding area (such as rivers and lakes), land application technology is used as the final technology to treat the treated POME from the biogas reactor/digester, resulting in fertilizer in its liquid form being applied to the palm plantations.




2.2. Life Cycle Assessment


As the initial step in the analysis of POME treatment technology, the LCA results of our previous study were used as criteria in the second step of MCDA. In our previous study, LCA was performed to compare and analyze the alternatives to POME treatment technology [18]. The method was used to calculate the LCA result based on the LCA standard assessment by following the ISO 14040 series and SimaPro® version 8.1.1.16 (Pre Consultants, Holland) was used as the LCA analysis tool. The functional unit is replaced per ton of FFB. The gate-to-gate system boundary was used in this study (Figure 3). This study preferred to use the environment impact assessment midpoint rather than environment impact endpoint, as the midpoint result was more familiar to the study unit [19]. Yi (2014) reported that more than 65% of the 1000 respondents preferred the impact assessment midpoint for the LCA study. The midpoint environmental categories are global warming potential (GWP), eutrophication potential (EP), acidification potential (AP), and human toxicity potential (HTP). Inventory analysis and experimental data, including mass and energy balance, were undertaken and collected by field survey from a palm oil mill located in North Sumatra. Mass and energy balances were conducted to quantify the total elementary input and output flows, recycled water, and energy required according to the system boundaries. The GWP, EP, and AP were obtained as follows:


  G W P = C  E  E l   + C  E  L u b   + C  E D  + C E  M C  + C E  M  O L   + C  E  U E F B    



(1)




where



  C  E  E l     (carbon dioxide emissions from electricity)


  C  E  E l   = E l e c t r i c i t y   c o n s u m p t i o n × e l e c t r i c i t y   e m i s s i o n   f a c t o r  











  C  E  L u b     (carbon dioxide emissions from the lubricant),


  C  E  L u b   = L u b r i c a n t   c o n s u m p t i o n × L u b r i c a n t   e m i s s i o n   f a c t o r  











  C  E D    (carbon dioxide emissions from diesel fuel),


  C  E D  = D i e s e l   c o n s u m p t i o n × d i e s e l   e m i s s i o n   f a c t o r  











  C E  M C    (Carbon dioxide emissions related to methane emissions from composting),


  C E  M C  = T o t a l   m e t h a n e   f r o m   c o m p o s t i n g × G W P   f a c t o r  










  * T o t a l   m e t h a n e   c o m p o s t i n g = T o t a l   E F B × c o m p o s t i n g   e m i s s i o n   f a c t o r  











  C E  M  O L     (carbon dioxide emissions related to methane emissions from the open lagoon),


  C E  M  O L   = T o t a l   m e t h a n e   e m i s s i o n s   f r o m   t h e   o p e n   l a g o o n × G W P   f a c t o r  










     * T o t a l   m e t h a n e   e m i s s i o n s   f r o m   t h e   o p e n   l a g o o n               = T o t a l   P O M E   m a s s × C O D   o f   P O M E               × g e n e r i c   c o n v e r s i o n   f o r   m e t h a n e     











  C  E  U E F B     (Carbon dioxide emissions related to untreated EFB) = EFB dumping (230 kg CO2-eq per ton of FFB)


  E P = P E  P  P O M E   + P E  N  P O M E   + P E  P  E F B   + P E  N  E F B    



(2)




where



  P E  P  P O M E     (PO4 emissions related to P compounds in POME),


  P E  P  P O M E   = A m o u n t   P   i n   P O M E × P  O 4    t o   P   e q u i v a l e n c e   f a c t o r  











  P E  N  P O M E     (PO4 emissions related to P compounds in POME),


  P E  P  P O M E   = A m o u n t   N   i n   P O M E × P  O 4    t o   N   e q u i v a l e n c e   f a c t o r  











  P E  P  E F B     (PO4 emissions related to P compounds in EFB),


  P E  P  P O M E   = A m o u n t   P   i n   E F B × P  O 4    t o   P   e q u i v a l e n c e   f a c t o r  











  P E  N  E F B     (PO4 emissions related to P compounds in EFB),


  P E  P  P O M E   = A m o u n t   N   i n   E F B × P  O 4    t o   N   e q u i v a l e n c e   f a c t o r  










  A P = S E  S B  + S E  S D   



(3)




where



  S E  S B  =   (SO2 emissions related to H2S compounds in biogas),


  S E  S B  = A m o u n t    H s  S   i n   B i o g a s × S  O 2    e q u i v a l e n c e   f a c t o r  











  S E  S  D i e s e l     (SO2 emissions related to H2S compounds in diesel combustion),


  S E  S D  =  H s  S   e m i s s i o n s   f r o m   d i e s e l   c o m b u s t i o n × S  O 2    e q u i v a l e n c e   f a c t o r  











Furthermore, HTP was calculated and collected from a previous study [18], which included a method developed by Stichnothe and Schuchardt [20]. The LCA results were difficult to interpret to find a specific outcome because there was little variation between the environmental impact value of each alternative technology. For example, the GWP COLT–Composting was 18.79 kg CO2-eq, which was not much different from 14.01 kg CO2-eq the GWP of COLT–Biogas A (Table 2). In addition, the category value fluctuated. Some alternatives had the highest in one category and had lower values in other categories. For example, COLT–Biogas A had the highest AP, but the lowest GWP.




2.3. Analytical Hierarchy Process


AHP is a decision-making methodology that assumes that criteria or sub-criteria are independent of each other. The differentiation between criteria is significant as it can be an indicator of the importance of alternative criteria. Priority is given according to the percentage attributed to the alternatives. In the application and analysis of AHPs, it is assumed that statistical significance is limited. AHP is a subjective comparison that, in some cases, does not require a specific number of participants’ involvement in developing the AHP model. Moreover, AHP has a good correlation with the expertise level of the participants. Furthermore, to clarify our AHP model as one of the objectives of our research, we selected experts in this field as participants.



Expert professionals have observation, knowledge, and experience regarding POME treatment in Indonesia and North Sumatra. The experts are affiliated with reputed oil palm industry companies, which have at least one plantation and palm oil mill in North Sumatra, Indonesia. Furthermore, the experts from these companies have collaborated with the Oil Palm Research Institute and the Indonesian Palm Oil Association on POME-based treatment technology. These individual experts have 15–35 years of POME treatment experience and come from established reputable institutions having 20–100 years of experience in oil palm research and production. Therefore, a series of weighted assessments by experts were selected for the AHP model.



The AHP steps for this study were as follows: Step (1) Determined the AHP model that influences the decision-making process. Based on the LCA results, the model of AHP for this study is shown in Figure 4. The criteria used were GWP, AP, EP, and HTP. Step (2) Determined the alternative establishment for AHP modeling, as shown in Table 2. This table was summarized based on the results of the environmental assessment and for decision-makers and respondents to prepare pairwise comparison [21]. In addition, we determined the preferences of the alternatives. This result was described in our previous research [18]. Open lagoon technology, as the existing technology for POME treatment, was used as a base reference for comparison with the alternative technologies (Table 2). The quantified questionnaire responses were collected by adopting joint comparison matrices using Saaty’s nine-point scale (Table 3) [22].



Step (3) The questionnaire for pairwise comparisons was prepared and distributed among eight experts who had experience and knowledge about POME and/or LCA. The experts joined the questionnaire, and the proposed sampling procedure was followed. The experts were affiliated with reputable palm oil companies, industry, university, and government (Table 4).



The collected responses were tested for consistency, and final decisions were made about the preferences of POME treatment technologies. Step (4): Collation and calculations of different expert assessments were performed. The construction of the joint comparison matrix is a part of the elaboration of the AHP analytic process [23,24]. In addition, the weighting of AHP is regarded as an example of decision making, and the proposal of a decision-making model considering the versatile LCA in the future is the objective of this study. We had different attributes on the same level, and the pairwise comparison matrix,  A , can be constructed according to the following equations.


  A =    (   a  i j    )    n x n   =  (           a  11        a  12              ⋯     a  1 n                      a  21            ⋮       a  n 1                    a  22            ⋮       a  n 2                          ⋯         ⋮     ⋯                 a  2 n            ⋮       a  n n                    )   



(4)




where    a  i j     is the expression of the geometric mean that the respondent group compares the criteria  i  over other criteria  j . The geometric mean was calculated using the geometric mean method (GMM) for the aggregation of different participant assessments, as recommended by Saaty [11]. There are N expert respondents, and    a  i j  k    is the judgment of the k-th respondent when comparing item  i  with item   j ,   and GMM follows the formula:


   a  i j   =    (    ∏   k = 1  N   a  i j  k   )     1 N     



(5)







Matrix  A  is a positive and symmetric matrix, and its main diagonal is equal to 1. Normalize the elements of matrix  A  using the following formula:


    a ¯   i j   =    a  i j       ∑   m = 1  n   a  m j      



(6)







Subsequently, the normalization matrix  A  is obtained by the following equation:


   A ¯  =    (    a ¯   i j    )    n x n   =  (            a ¯   11         a ¯   12              ⋯      a ¯   1 n                       a ¯   21            ⋮        a ¯   n 1                     a ¯   22            ⋮        a ¯   n 2                          ⋯         ⋮     ⋯                  a ¯   2 n            ⋮        a ¯   n n                    )   



(7)







The elements of the same line of normalization matrix   A ¯   are calculated using Equation (8). Subsequently, to calculate the relative importance of the criteria in the matrix  A , the priority of the criteria is determined using the eigenvector   w =  (   ω 1  ,  ω 2  … ,  ω n   )    obtained according to Equation (9), and the summary of this vector is equal to 1.


    ω ¯  i  =   ∑   j = 1  n    a ¯   i j    



(8)






   ω i  =     ω ¯  i      ∑   m = 1  n    ω ¯  m     



(9)




where n is the number of rows or columns or the number of criteria being compared in the matrix. The maximum eigenvalue   λ m a x   of  A  can be obtained using Equation (10) [25]. Consistency was required to verify the credibility and reasonability of the evaluation. The consistency index (  C I  ) was calculated according to the following formula:


  λ m a x =  1 n    ∑   i = 1  n       (  A ω  )   i     ω i     



(10)






  C I =   λ m a x − n   n − 1    



(11)






  C R =   C I   R I    



(12)







  C R   is expressed for consistency ratio, and   R I   represents the random index. The value of   R I   is the average consistency index (Table 5). If the value of   C R   is below 0.1, the weighting is accepted. Alternatively, if the value is higher than 0.1, it is unacceptable. If the value is equal to 0, it shows a perfect weight comparison [11]. Finally, to check the validity of the result, a sensitivity analysis was performed by changing the weight of the evaluation items. The analysis was performed using AHP tools, Expert Choice® version 11 (ExpertChoice, USA), and Microsoft Excel.




2.4. Analytic Network Process


Analogous to AHP, ANP, as the extended theory of AHP, also requires the structure to present the problem and pairwise comparison to establish the relationships within the structure of AHP and ANP. ANP is a more complex, interdependent relationship and provides feedback for elements in the hierarchy [15,26]. In this study, to compare the AHP result, ANP was used to determine the interdependence among the criteria and alternatives, and Super Decisions Software® version 2.10 (Creative Decisions Foundation, USA) was used to perform the ANP calculation and analysis. The ANP method had four steps [27]. The first step was to generate a network model based on the comprehensive problem. The second step was to make a pairwise comparison, according to the experts’ opinions. The different expert opinions were calculated using the GMM to determine their combined value. The first and second steps of the ANP method were similar to the AHP method. The importance of the ANP method is the third step that constructs the supermatrix to show the properties of the elements. Finally, the ANP step was added for decisions using the supermatrix model. The supermatrix was expressed as a weighted evaluation of paired comparison matrices U and V. Matrix U is the evaluation of the criteria (C1, C2, C3, and C4) according to the alternatives (A1, A2, A3, and A4). In contrast, matrix V refers to the evaluation of the criteria according to the alternatives. Matrix U, V, and supermatrix S can be expressed by Equations (13)–(15), respectively:


  U =  (           U  11        U  12                U  13        U  14                      U  21              U  31          U  41                    U  22              U  32          U  42                            U  23              U  33          U  43                    U  24              U  34          U  44                    )   



(13)






  V =  (           V  11        V  12                V  13        V  14                      V  21              V  31          V  41                    V  22              V  32          V  42                            V  23              V  33          V  43                    V  24              V  34          V  44                    )   



(14)






   S  w e i g h t e d   (    0   U     V   0    ) =          A 1    ⋯    A 4     C 1    ⋯    C 4               A 1      ⋮      A 4       C 1      ⋮      C 4        (     0   ⋯   0    U 11    ⋯    U 14      ⋮   ⋱   ⋮   ⋮   ⋱   ⋮     0   ⋯   0    U 41    ⋯    U 44       V 11    ⋯    V 14    0   ⋯   0     ⋮   ⋱   ⋮   ⋮   ⋱   ⋮      V 41    ⋯    V 44    0   ⋯   0     )     



(15)







Finally, the supermatrix is raised to powers; the limit supermatrix was obtained by multiplying the matrix itself, and this can be expressed as follows:


   S  l i m i t e d   =   lim   n → α    S  w e i g h t e d  n   



(16)









3. Results and Discussion


3.1. Comparison of Performance by AHP Results


The combined data of pairwise comparisons were collected from surveys and questionnaires using GMM. The accumulated results of pairwise comparisons by the combined expert opinions are shown in Table 6. In this case, the overall inconsistency index was 0.04. After the calculations using Expert Choice® for all pairwise comparisons, the weights that measured the relative importance of each criterion are shown in Table 7. This table shows the overall weight of the hierarchical decision-making and modeling. Among the assessments for the best environment-friendly POME treatment, the most important criterion based on the expert opinion was GWP (48.1%), followed by AP (26.8%), EP (14%), and the least important was HTP (11.1%). According to this data, the experts had the opinion that GWP had a maximum influence on the environment in terms of environmental categories.



The relative weight of the best technology for POME treatment based on the criteria is shown in Figure 5. COLT–Biogas A had the maximum preference with respect to GWP (0.563), EP (0.49), and HTP (0.448). According to the GWP criteria, COLT–Biogas A had a maximum decrease of GHG emissions. The AP criteria were important for COLT–Biogas C, which could be a factor in changing the preference of the result. The results would help in providing electricity supply in North Sumatra province because the electrification in this province is still underdeveloped. In North Sumatra, the ratio of electrification was 91.03, and power failure often occurs [28].




3.2. Comparison of Performance by ANP Results


The results of the weighted supermatrix and limit supermatrix show the relationships between the criteria and the alternatives (Table 8 and Table 9). In ANP analysis, the most important criteria were GWP, followed by AP, EP, and HTP, respectively. This result was analogous to the AHP result related to the top-ranked criteria priorities. As a result, the best POME treatment was reported from ANP analysis; COLT–Biogas A (weighted, 0.470) was the top-ranked, followed by COLT–Composting (0.241), COLT–Biogas B (0.156), and COLT–Biogas C (0.132). When comparing the AHP and ANP results, there were negligible differences between the MCDA systems of this study (Table 10). As there were no significant differences between the AHP and ANP results, it is demonstrated that the criteria were independent.




3.3. Sensitivity Analysis Based on the Analytical Hierarchy Process Method


As there was no substantial difference between AHP and ANP methods, a sensitivity analysis was used to determine how these changes influenced the priorities of the alternatives. These had been selected by changing the criteria priorities. The sensitivity analysis was conducted using the dynamic sensitivity of Expert Choice®. The effect of the criteria priority on the overall results is shown in Figure 6a. The COLT–Biogas A priority ranking had the maximum weight of GWP (48.1%), followed by AP (26.8%), EP (14%), and HTP (11.1%). The balance point between COLT–Biogas A and other alternatives (in this case, COLT–Biogas B) was 17.5% weight of GWP, 76.1% weight of AP, 3.5% weight of EP, and 2.9% weight of HTP (Figure 6b). It is indicated that the COLT–Biogas B technology becomes the preferred alternative for POME treatment if the AP criterion has increased sufficiently by more than 76.1%. Only the AP criterion could change the preferred alternative as the AP criterion had the highest relative weight.




3.4. Implementation of Result Based on Roundtable On Sustainable Palm Oil, Indonesian Sustainable Palm Oil, and Malaysian Sustainable Palm Oil Standards


The implementation of results based on RSPO, ISPO, and MSPO standards for renewable energy and emission reductions regarding COLT–Biogas A are listed in Table 11. The assessment of alternatives to POME treatment technology revealed that COLT–Biogas is the most environment-friendly. This technology has weights of 0.470 (ANP) and 0.471 (AHP) with top priority. This result indicates that the COLT–Biogas A and GWP criteria have the maximum GHG reduction.



Therefore, the implementation of the RSPO, ISPO, and MSPO in this study had the same criteria to generate renewable energy and reduce emissions. However, the difference between them in the certification system, where RSPO was voluntary, ISPO was mandatory, and MSPO is working towards mandatory status. Furthermore, RSPO was more detailed in explaining the steps to be taken towards reducing GHG emissions than ISPO and MSPO. This study refers to the stakeholders and contributors within the supply chain who can significantly reduce adverse environmental impacts, especially GHG emissions.





4. Conclusions


In this study, sequence LCA and MCDA-based assessments were employed to evaluate the environmental impacts of alternative POME treatment technologies. POME treatment using COLT must be replaced by a more sustainable alternative by the end of 2020, according to the RSPO, ISPO, and MSPO standards. Therefore, it is crucial to evaluate alternative technologies that can be feasibly adopted by palm mill owners within the allotted time. The alternatives examined in this report were COLT–Composting for fertilizer production and COLT–Biogas for energy generation, in which the biogas was combined with composting, land application, and membrane technology. The following conclusions were achieved based on the research:




	
Using the performance results of the alternatives studied in this study, COLT–Biogas with composting (COLT–Biogas A) was superior to others as a combination of technology for POME treatment. This alternative technology selection has the potential to support a sustainable palm oil industry.



	
The top rankings of the selection criteria were GWP, followed by AP, EP, and HTP. It was observed that GWP is the criterion that possesses the maximum potential to ameliorate future environmental problems associated with palm oil production.



	
There was no difference between the results of the AHP and ANP methods. Regarding LCA results, we observed that there were no related criteria that influence environmental impact assessment (GWP, AP, EP, HTP).



	
The implementation of COLT–Biogas A under the RSPO, ISPO, and MSPO standards, would be suitable as a supply of renewable energy and result in GHG emission reduction.



	
We propose integrating open lagoon technology and biogas technology to generate electricity and utilize composting as the final treatment for treated POME from biogas reactors. The electricity produced through the combination of these technologies could be vital in improving the electrification in the North Sumatra province of Indonesia.
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Figure 1. Existing palm oil mill effluent (POME) treatment process using open lagoon technology and total HRT for each step. 
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Figure 2. Research workflow. 






Figure 2. Research workflow.
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Figure 3. Flow process and system boundary of alternative treatment technology of palm oil mill effluent (POME); figure modified from Nasution et al. [18]. 
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Figure 4. Analytical hierarchy process (AHP) model to determine the best combination of palm oil mill effluent (POME) treatments. 
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Figure 5. Synthesized and weighted criteria for each palm oil mill effluent (POME) treatment alternative. 
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Figure 6. Dynamic sensitivity for criteria: (a) dynamic sensitivity priority of the criteria is changed, and (b) dynamic sensitivity when the best alternative (COLT–Biogas A) has balanced weighted criteria with another alternative (COLT–Biogas B) (modified). 
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Table 1. Dissimilarities and similarities of the roundtable on sustainable palm oil (RSPO), Indonesian sustainable palm oil (ISPO), and Malaysian sustainable palm oil (MSPO) for the mitigation of greenhouse gas emissions.
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Item

	
RSPO

	
ISPO

	
MSPO






	
Similarities points




	
Mitigation of GHG emissions

	
Criteria 5.6.2: the results of the identification of significant sources of pollutants and GHG emissions must be made available, as well as plans and implementation documents to reduce or minimize pollution and emissions.

	
Criteria 4.10.1: plantation companies must carry out an inventory and mitigation of GHG emission sources.

	
Criteria 4.5.4.2: an action plan is required to reduce significant pollutants and emissions, and this shall be established and implemented.




	
Dissimilarities points




	
Mitigation of GHG emissions

	
Criteria 5.6.3: a plan and the results of periodic monitoring of emissions and pollution from oil palm plantations and mill activities using appropriate methods must be made available.

There is no record of the stages of land-use function.

	
Criteria 4.10.2: available standard operation procedure (SOP) for GHG emission.

Criteria 4.10.3: land-use change records are available.

There is no detailed explanation about SOP and land-use changes records.

	
Criteria 4.5.4.1: reduction of pollution and emissions, including GHG that is verified within an assessment report. Refer to Malaysian palm oil board (MPOB) for calculations, excluding CO2 from renewable energy resources, and identification of all waste products and polluting activities (e.g., scheduled and domestic wastes), source of pollution (e.g., POME, black smoke).
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Table 2. Establishment of alternatives for analytical hierarchy process (AHP) modeling.
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Criteria

	
Unit

	
Existing Technology

	
Alternatives




	
Open Lagoon

	
COLT–Composting

	
COLT–Biogas A

	
COLT–Biogas B

	
COLT–Biogas C






	
GWP

	
(kg CO2-eq)

	
371.48

	
18.79

	
14.01

	
206.89

	
230.87




	
%

	
-

	
94.9

	
96.2

	
37.7

	
37.8




	
AP

	
(kg SO2-eq)

	
0.19

	
0.21

	
0.38

	
0.17

	
0.17




	
%

	
-

	
−8.1

	
−98.1

	
10.0

	
10.0




	
EP

	
(kg PO4-eq)

	
7.73

	
0

	
0

	
6.14

	
5.96




	
%

	
-

	
100.0

	
100.0

	
20.6

	
22.9




	
HTP

	
(kg DCB-eq)

	
13

	
0

	
0

	
13

	
13




	
%

	
-

	
100.0

	
100.0

	
0.0

	
0.0








Note: %, percentage of decreasing criteria accordingly, based on the open lagoon technology base reference.
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Table 3. Saaty’s pairwise comparison nine-point scale.
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	Point
	Definition
	Description





	1
	Equal importance
	Two elements contribute equally



	3
	Moderate importance
	One element is slightly preferred over the other



	5
	Strong importance
	One element is strongly preferred over the other



	7
	Very strong importance
	One element is very strongly preferred over the other



	9
	Extreme strong importance
	One element is most strongly preferred over the other



	2,4,6,8
	Intermediate importance value between two contiguous judgments
	Contiguous to the two scales
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Table 4. Profile of the study respondents.
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	No. of Experts
	Age (Year)
	Education Level
	Position
	Company Background
	Company Establishment

(Year)





	Expert 1
	40
	Master
	Manager
	Palm oil industry/consultant
	21



	Expert 2
	43
	Doctoral
	Researcher
	Oil palm research center
	100



	Expert 3
	36
	Bachelor
	Researcher
	National oil palm research center
	100



	Expert 4
	52
	Doctoral
	Professor
	University involved in oil palm and LCA research
	145



	Expert 5
	43
	Doctoral
	Professor
	University involved in oil palm and LCA research
	145



	Expert 6
	33
	Doctoral
	Researcher
	University involved in oil palm and LCA research
	54



	Expert 7
	30
	Master
	Researcher
	Government involved in LCA research
	-



	Expert 8
	57
	Doctoral
	General manager
	Palm oil industry/laboratory
	More than 100
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Table 5. Random consistency index.






Table 5. Random consistency index.





	n
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15





	   R I   
	0
	0.58
	0.90
	0.12
	1.25
	1.32
	1.41
	1.45
	1.49
	1.54
	1.48
	1.56
	1.57
	1.59
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Table 6. Pairwise comparison of criteria vs. criteria with respect to the goal (results of combined experts).
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	GWP Criteria
	AP Criteria
	EP Criteria
	HTP Criteria





	GWP criteria
	1
	2.45882
	3.53150
	3.07836



	AP criteria
	1/2.45882
	1
	2.67393
	2.46065



	EP criteria
	1/3.53150
	1/2.67393
	1
	1.66537



	HTP criteria
	1/3.07836
	1/2.46065
	1/1.66537
	1
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Table 7. Criteria weighting for the most environmental-friendly palm oil mill effluent (POME) treatment.
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Criterion

	
Alternatives

	
Priority






	
Percent GWP

	

	
48.1




	
GWP

	
COLT–Composting

	
0.123




	
COLT–Biogas A

	
0.283




	
COLT–Biogas B

	
0.048




	
COLT–Biogas C

	
0.027




	
Percent AP

	

	
26.9




	
AP

	
COLT–Composting

	
0.039




	
COLT–Biogas A

	
0.063




	
COLT–Biogas B

	
0.086




	
COLT–Biogas C

	
0.08




	
Percent EP

	

	
14




	
EP

	
COLT–Composting

	
0.043




	
COLT–Biogas A

	
0.071




	
COLT–Biogas B

	
0.012




	
COLT–Biogas C

	
0.014




	
Percent HTP

	

	
11.1




	
HTP

	
COLT–Composting

	
0.037




	
COLT–Biogas A

	
0.053




	
COLT–Biogas B

	
0.01




	
COLT–Biogas C

	
0.011
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Table 8. Criteria weighting for the weighted supermatrix designed to determine the relationship between the criteria and alternatives of palm oil mill effluent (POME) treatment technology using the analytical network process (ANP).
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Alternatives

	
Criteria




	

	

	
COLT-Composting

	
COLT-Biogas A

	
COLT-Biogas B

	
COLT-Biogas C

	
GWP

	
AP

	
EP

	
HTP






	
Alternatives

	
COLT-Composting

	
0

	
0

	
0

	
0

	
0.255

	
0.144

	
0.307

	
0.336




	
COLT-Biogas A

	
0

	
0

	
0

	
0

	
0.588

	
0.236

	
0.510

	
0.479




	
COLT-Biogas B

	
0

	
0

	
0

	
0

	
0.099

	
0.321

	
0.085

	
0.087




	
COLT-Biogas C

	
0

	
0

	
0

	
0

	
0.057

	
0.299

	
0.098

	
0.098




	
Criteria

	
GWP

	
0.508

	
0.602

	
0.307

	
0.204

	
0

	
0

	
0

	
0




	
AP

	
0.161

	
0.134

	
0.551

	
0.606

	
0

	
0

	
0

	
0




	
EP

	
0.177

	
0.151

	
0.076

	
0.106

	
0

	
0

	
0

	
0




	
HTP

	
0.152

	
0.112

	
0.641

	
0.083

	
0

	
0

	
0

	
0











[image: Table] 





Table 9. Limited supermatrix for determining the relationship between the criteria and alternatives of palm oil mill effluent (POME) treatment technology using the analytical network process (ANP).
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Alternatives

	
Criteria




	

	

	
COLT-Composting

	
COLT-Biogas A

	
COLT-Biogas B

	
COLT-Biogas C

	
GWP

	
AP

	
EP

	
HTP






	
Alternatives

	
COLT-Composting

	
0.121

	
0.121

	
0.121

	
0.121

	
0.121

	
0.121

	
0.121

	
0.121




	
COLT-Biogas A

	
0.235

	
0.235

	
0.235

	
0.235

	
0.235

	
0.235

	
0.235

	
0.235




	
COLT-Biogas B

	
0.078

	
0.078

	
0.078

	
0.078

	
0.078

	
0.078

	
0.078

	
0.078




	
COLT-Biogas C

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066

	
0.066




	
Criteria

	
GWP

	
0.240

	
0.240

	
0.240

	
0.240

	
0.240

	
0.240

	
0.240

	
0.240




	
AP

	
0.134

	
0.134

	
0.134

	
0.134

	
0.134

	
0.134

	
0.134

	
0.134




	
EP

	
0.070

	
0.070

	
0.070

	
0.070

	
0.070

	
0.070

	
0.070

	
0.070




	
HTP

	
0.055

	
0.055

	
0.055

	
0.055

	
0.055

	
0.055

	
0.055

	
0.055
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Table 10. Analytical hierarchy process (AHP) and analytical network process (ANP) priority criteria weightings for the palm oil mill effluent (POME) treatment technologies.
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Alternatives

	
AHP

	
ANP




	
Weighting

	
Ranking

	
Weighting

	
Ranking






	
COLT–Composting

	
0.241

	
2

	
0.241

	
2




	
COLT–Biogas A

	
0.471

	
1

	
0.470

	
1




	
COLT–Biogas B

	
0.156

	
3

	
0.155

	
3




	
COLT–Biogas C

	
0.132

	
4

	
0.132

	
4
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Table 11. Implementation of results based on the roundtable on sustainable palm oil (RSPO), Indonesian sustainable palm oil (ISPO), and Malaysian sustainable palm oil (MSPO).
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	Item
	RSPO
	ISPO
	MSPO





	Mitigation of GHG emission
	COLT–Biogas A complies with RSPO standards reducing emissions in the treatment of palm oil mill effluent (POME) and contained criteria 5.6.2. The results referred to significant sources of GHG emissions. COLT–Biogas A is a specific step to reduce or offset emissions, but RSPO has no record in the stages of land use function.
	COLT–Biogas A complies with ISPO standards for Criteria 4.10.1. Plantation companies must carry out an inventory and mitigation of GHG emission sources, but ISPO did not explain in detail the terms of the SOP, GHG inventory, and land use expert records.
	COLT–Biogas A complies with MSPO standards and refers to MPOB for calculations, excluding CO2, identification of all waste products, and polluting activities.



	Environment
	COLT–Biogas A for renewable energy (biogas), Principle 5 on environmental responsibility, conservation of resources, and biodiversity. RSPO standard identifies the environmental impacts and plans to mitigate the negative impacts and promote the positive ones implemented and monitored to demonstrate continuous improvement. Waste is reduced, recycled, and reused and disposed of in an environmentally and socially responsible manner.
	COLT–Biogas A for the optimization of renewable energy in the utilization of factory waste contained in the ISPO Principles 2 and 4 concerning plantation management in the utilization of factory, industrial waste, management, and environmental monitoring in reducing emissions. ISPO also explains about biodiversity in criteria 4.6, but ISPO relies heavily on the Analysis Environmental Impact (AMDAL) process and does not provide broad requirements in the management system.
	COLT–Biogas A into efficient use of energy and the use of renewable energy contained in MSPO Principle 5 on the environment, natural resources, biodiversity, and ecosystem services and MSPO provides strict standards for plantation management, but the complaint system is not too detailed.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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