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A B S T R A C T

Malaysia has a plethora of biomass that can be utilized in a sustainable manner to produce bio-products for
circular green economy. At the 15th Conference of Parties in Copenhagen, Malaysia stated to voluntarily reduce
its emissions intensity of gross domestic product by upto 40% by 2020 from 2005 level. Natural resources e.g.
forestry and agricultural resources will attribute in achieving these goals. This paper investigates optimum bio-
based systems, such as bioenergy and biorefinery, and their prospects in sustainable development in Malaysia,
while analyzing comparable cases globally. Palm oil industry will continue to play a major role in deriving
products and contributing to gross national income in Malaysia. Based on the current processing capacity, one
tonne of crude palm oil (CPO) production is associated with nine tonnes of biomass generation. Local
businesses tend to focus on products with low-risk that enjoy subsidies, e.g. Feed-in-Tariff, such as bioenergy,
biogas, etc. CPO biomass is utilized to produce biogas, pellets, dried long fibre and bio-fertilizer and recycle
water. It is envisaged that co-production of bio-based products, food and pharmaceutical ingredients, fine,
specialty and platform chemicals, polymers, alongside biofuel and bioenergy from biomass is possible to achieve
overall sustainability by the replacement of fossil resources. Inception of process integration gives prominent
innovative biorefinery configurations, an example demonstrated recently, via extraction of recyclable, metal,
high value chemical (levulinic acid), fuel, electricity and bio-fertilizer from municipal solid waste or urban
waste. Levulinic acid yield by only 5 wt% of waste feedstock gives 1.5 fold increase in profitability and eliminates
the need for subsidies such as gate fees paid by local authority to waste processor. Unsustainable practices
include consumable food wastage, end-of-pipe cleaning and linear economy that must be replaced by
sustainable production and consumption, source segregation and process integration, and product longevity
and circular economy.

1. Introduction

In the Eleventh Malaysia Plan 2016–2020 (11MP), green economy
has been identified to play a fundamental role in socio-economic
growth of the country [1]. Malaysia has abundant biomass available,
which can be sustainably reused to produce bio-based products. Bio-
based products include food and pharmaceutical ingredients, fine,
specialty and platform chemicals, polymers, biofuel and bioenergy,
which can be coproduced in an advanced multi-process industrial

plant, known as biorefinery [2]. Biorefinery has a potential to offer
sustainability by trading off between triple-bottom-line criteria: envir-
onmental, social and economic. Biorefinery ultimately needs to be
adopted for greening the economy [3].

Although biorefinery offers environmental benefits, it is impor-
tant to consider prevention of biodiversity loss during the concep-
tion of a biorefinery. The international leaders and stakeholders
became concerned about sustainable biomass development post 21st
Conference of Parties (COP21) [4] and agreed on the global
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temperature rise in this century to well below 2 °C. Furthermore,
three most important activities for reversing environmental degra-
dation have been identified [5]:

1. Restoration of carbon by forestation and biodiversity
2. Sustainable production and consumption, especially with respect to

food
3. Biorefinery for a circular economy

Sustainable resourcing and consumptions of biomass are essential,
so that there is no negative impact on the ecosystem and the
environment across value chains. Many researchers believe that it is
possible to decouple human prosperity from environmental footprint.
Human prosperity without economic growth is recommended for
developed nations [6] recognizing the fact that human consumptions
are continuously exceeding the planetary boundaries [7]. Sustainable
production and consumption is an attractive but challenging proposi-
tion. This is because developing nations are yet to attain the minimum
threshold Gross National Income (GNI) to get the status of the
developed nations. The 11MP anchors on socio-economic growth to
achieve the targeted GNI per capita of US$15,690 (RM54,100) and
thereby exceed the US$15,000 minimum threshold of a high-income
economy, by 2020 [1]. This paper reviews examples of bio-based
economic activities for green inclusive growth and intensification of
sustainable production and consumption pathways, in Malaysia. Short
through medium to long term bio-based technologies have been
reviewed from critical perspectives of the Sustainable Development
Goals (SDGs) [8].

1.1. Role of bioenergy, biorefinery and bioeconomy in meeting the
SDGs

The SDGs built upon the Millennium Development Goals (MDGs)
with 17 goals, 169 targets and a high number of indicators, work
around elimination of poverty in all its forms; ending maternal and
child mortality; ending gender inequalities; building sustainable cities
and communities, reversing environmental degradation, achieving
education for all, reducing inequalities, promoting peace and justice
and strong institutions amongst others [8]. The SDGs are targeted to be
met in 15 years, the onus is on every country to create an enabling
national environment that can facilitate effective implementation of the
SDGs. The SDGs have been highly recommended for adoption into the
development of bioenergy, biorefinery and bioeconomy, in a UK-
Malaysia cooperation event [9].

As well as delivering socio-economic growth of the nation by the
development of bioenergy, biorefinery and bioeconomy, it is vitally
important for Malaysia to also contribute to global climate change
mitigation agenda, as suggested in COP21. Bioenergy, biorefinery and
bioeconomy have an important role to play in the following four focus
areas in the 11MP, which can be related to the SDGs [1].

1. Strengthening resilience against climate change and natural disas-
ters

2. Strengthening the enabling environment for green growth
3. Adopting the sustainable production and consumption concept
4. Conserving natural resources for present and future generations

For all the above goals, natural resource and environment con-
servation is of utmost importance responsible for success or failure of
the goals. If the natural resource and environment are conserved,
global warming potential over 100 years (GWP) and risks of natural
disasters will be reduced, green growth will be strengthened, humans
will live in harmony with the nature, and resource security will be
ensured for future generations [10]. Biomass can help in mitigating the
impact by replacing fossil fuels, because embedded carbon released
from biomass combustion is sequestrated during biomass growth.

Exhaust gas from biomass combustion may contain other pollu-
tants for the environment, causing acidification, urban smog, etc.
Energy-from-waste should be the option of last resort after all valuable
materials have been salvaged [11]. It is possible to live in harmony with
the nature by the adoption of high resource efficiency biorefinery and
resource recovery from waste (RRfW) system. The society will be only
allowed to reuse sustainably resourced materials after their all uses
have been exhausted leaving least or no waste or emission to the
environment. Concerns over health and environment, and for the
developed economy, rising landfill tax and high cost of waste disposal
are the drivers for transforming wastes into resources, which can lead
to a circular economy future [11]. This is a radically different
perspective compared to a linear take-make-dispose economy.
Presently, waste and recycling supports a global market worth more
than $1 trillion [11]. To pursue sustainable consumption and produc-
tion, Malaysia must as well ensure security of local resource supply and
build their green economy based on locally available resources. The
11MP encompasses agenda for inclusive economic growth and social
welfare [1]. Indigenous biomass can play a key role in practical
implementation of the Plan, because it offers an opportunity to channel
the cash flow to much needed low income populations.

1.2. Malaysia's bio resources: status quo and perspectives

Natural and sustainable bio-resources include [2]:

• Forestry and agricultural residues

• Palm oil mill and pulp and paper industrial residues

• Grass silage, empty fruit bunch

• Oily wastes and residues

• Aquatic: algae and seaweed

• Organic residues: municipal solid waste (MSW), manure, sewage
and wastewaters

A database of globally important biomass has been created [12].
Amongst these aforementioned avenues, oil palm industry is the main
provider of bio-based products and is the main business in Malaysia
that can support sustainable bioeconomy. Fig. 1 illustrates the main
products: crude palm oil (CPO) and crude palm kernel oil (CPKO) and
biomass from oil palm industry in Malaysia [13,14]. Table 1 shows oil
palm planted areas in main states in Malaysia [15].

The monthly CPO production in 2014 and 2015 is shown in Table 2
[16]. The total productions were 19.67 and 19.96 million tonnes in
2014 and 2015, respectively. The resulting fresh fruit bunch (FFB) was
92.33 million tonnes in 2014 [17]. The production rates of empty fruit
bunch (EFB), palm mesocarp fibre (PMF), palm kernel shell (PKS) and
palm oil mill effluent (POME) with respect to the production rate of
FFB are shown in Table 3. Their total production rate is 94.18 million
tonne, 4.8 times greater than CPO. Taking account of the production
rates of oil palm frond (OPF) and oil palm trunk (OPT), the quantity of
the total biomass generated is 9 times greater than the quantity of CPO.
For a calorific value of 20 GJ/t and 40% efficiency in electricity
generation, 34% of the national electricity demand can be met by this
biomass generated from FFB processing in palm oil mill. If the residual
biomass is used to produce 34% of the electricity consumption (which
in 2014 was 128,330 GWh [18]) and using an average avoided burden
of 0.12 kg CO2 equivalent per kWh of grid electricity displacement,
around 19 million tonnes CO2 equivalent can be avoided. With an
expected 3.4% annual growth in electricity consumption [19], avoided
GWP can be up to 23 million tonnes CO2 equivalent by 2020, which is
13.5% of the total CO2 equivalent impact in year 2000 and 8% of the
total CO2 equivalent impact estimated in year 2020, respectively [20].

Industrial, manufacturing and agricultural sectors can be inter-
connected by symbiotic flows. For example, residues generated from
the agricultural sector could be the inputs to the industrial and
manufacturing sectors, fertilizer outputs from which could become
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the inputs to the agricultural sector [21]. This interconnectedness
must be optimized simultaneously for an inclusive people growth.
Bioeconomy is expected to create 1.5 million jobs by 2020, enabled
by coherent sectorial developments between agriculture, industry
and manufacturing. In addition, sustainable design of integrated
biorefinery to attain desired environmental, inherent safety, health
and economic performances [22] is much needed. To facilitate
cooperation between sectors, industrial symbiosis concept [23,24]
needs to be applied.

A critical issue is to determine the amount of residues available for
bioenergy production [25]. There are alternative renewable energy
systems, for example hydropower as the most prominent one in
Malaysia, for energy services, while for products other than energy,
biomass is the only renewable carbon source. Depending upon avail-
ability of these resources, choices of locally available renewable
resources can be made for locally producing products of demand.

The main stress should be on local availability of natural resources and
how to make sustainable use of them for greening the economy [2,26].

The priorities should be in the order of meeting energy demands by
alternative renewable systems, meeting product demands by biorefin-
ery systems and meeting the balance of energy demands by bioenergy
systems, respectively. Renewable energy supply is intermittent in
nature. The intermittency can be resolved by hybrid renewable and
bio energy systems. For example, photocatalytic reactors have been
developed to store and transform solar energy effectively into bioenergy
[27,28]. Largely, the renewable energy supply intermittency is ad-
dressed by fossil (coal, crude oil) based power plants. Globally, a third
of oil reserves, half of gas reserves and over 80 per cent of current coal
reserves should remain unused from 2010 to 2050 in order to meet the
target of well below 2 °C temperature rise in this century. Hence,
biomass utilization for bioenergy especially for peak demands is an
obvious choice to mitigate GWP and limit the temperature rise to below
2 °C in this century [29,30]. Furthermore, bioenergy can bring
opportunities along the supply chain for economic development as
illustrated in the bioenergy economic cycle in Fig. 2.

Many researchers stress on a rapid turn-over in biomass, for which
bioenergy is a perfect option, in order to be able to meet increasing
demand due to growing population and support growth of lower
income nations from the equity point of view. Biotechnology is the
key to efficient biomass resourcing and rapid turnover [31]. Focused
literatures show improved agricultural efficiency by the incorporation
of biotechnical research breakthrough [32,33].

1.3. Biorefinery: a way to bio-based circular economy

A sustainable biorefinery configuration must produce bio-products
in conjunction with bioenergy and biofuel [2]. The key question is what
other sustainable bio-based products can be generated in conjunction
with bioenergy that give highest resource efficiency [34]. This gives rise
to the conception of a biorefinery. In the most advanced sense, a
biorefinery is a facility with integrated, efficient and flexible conversion
of biomass feedstocks, through a combination of physical, chemical,
biochemical and thermochemical processes, into multiple products [2].

Fig. 1. Main biomass from oil palm industry.

Table 1
Oil palm planted areas (in ha) in main states in Malaysia, 2013 [15].

State Mature % Immature % Total %

Johore 651,242 88.8 82,225 11.2 733,467 13.6
Kedah 80,767 93.7 5415 6.3 86,182 1.6
Kelantan 99,783 68.9 44,979 31.1 144,762 2.7
Malacca 49,501 93.7 3348 6.3 52,849 1.0
Negeri Sembilan 142,503 84.1 26,865 15.9 169,368 3.1
Pahang 623,269 86.6 96,344 13.4 719,613 13.3
Perak 348,794 89.6 40,370 10.4 389,164 7.2
Perlis 189 64.1 106 35.9 295 0.0
Penang 13,309 93.7 895 6.3 14,204 0.3
Selangor 126,805 91.6 11,677 8.4 138,482 2.6
Terengganu 139,410 82.5 29,538 17.5 168,948 3.1
Peninsular

Malaysia
2,275,572 91.6 341,762 8.4 2,617,334 48.5

Sabah 1,355,541 89.7 155,969 10.3 1,511,510 28.0
Sarawak 1,058,208 83.8 205,183 16.2 1,263,391 23.5
Sabah &

Sarawak
2,413,749 87.0 361,152 13.0 2,774,901 51.5

MALAYSIA 4,689,321 87.0 702,914 13.0 5,392,235 100.0

J. Sadhukhan et al. Renewable and Sustainable Energy Reviews xxx (xxxx) xxx–xxx

3



T
a
b
le

2
Q
u
an

ti
ti
es

of
C
P
O

p
ro
d
u
ce
d
in

20
14

an
d
20

15
,
on

m
on

th
ly

ba
si
s,

in
to
n
n
e
[1
6]
.

S
ta
te
s

J
a
n

F
e
b

M
a
r

A
p
r

M
a
y

J
u
n

J
a
n

–
J
u
n

(T
o
ta
l)

2
0
1
4

2
0
1
5

2
0
1
4

2
0
1
5

2
0
1
4

2
0
1
5

2
0
1
4

2
0
1
5

2
0
1
4

2
0
1
5

2
0
1
4

2
0
1
5

2
0
1
4

3
0
1
5

Jo
h
or

23
5,
74

8
17

1,
72

5
19

4,
58

7
18

8,
32

5
22

3,
26

8
24

7,
85

6
22

5,
77

6
28

2,
79

1
24

8,
04

5
29

1,
05

7
25

7,
60

4
28

7,
50

2
1,
38

5,
02

8
1,
46

9,
25

6
K
ed

ah
23

,6
43

15
,0
66

21
,5
23

20
,5
27

22
,1
03

31
,8
39

22
,9
69

33
,3
41

24
,5
70

35
,6
27

21
,2
05

31
,7
25

13
6,
01

3
16

8,
12

5
K
el
an

ta
n

16
,6
82

11
,1
81

12
,9
63

11
,8
47

19
,6
70

18
,8
58

25
,0
32

26
,0
44

28
,2
44

28
,6
14

26
,1
57

25
,2
87

12
8,
74

8
12

1,
83

1
N
eg
er
i
Se

m
bi
la
n

50
,3
60

37
,5
05

41
,6
98

46
,6
82

46
,0
25

59
,5
85

43
,6
21

62
,2
62

46
,6
46

62
,5
83

47
,6
49

64
,3
51

27
5,
99

9
33

2,
96

8
P
ah

an
g

21
3,
87

5
14

1,
44

2
17

1,
07

1
15

8,
47

1
21

8,
26

6
21

8,
18

7
23

0,
38

7
24

7,
36

3
24

2,
59

1
26

1,
18

7
23

0,
62

1
25

4,
27

5
1,
30

6,
81

1
1,
28

0,
92

5
P
er
ak

15
3,
94

7
11

6,
18

6
13

3,
41

7
11

9,
96

8
15

2,
75

4
17

9,
75

8
15

4,
84

8
17

8,
34

2
16

2,
63

0
17

8,
52

1
16

3,
04

6
18

8,
93

8
92

0,
64

2
96

1,
71

3
Se

la
n
go

r
40

,0
61

27
,3
84

35
,5
60

30
,4
31

40
,4
82

42
,9
46

40
,5
71

47
,6
75

45
,2
56

49
,0
05

46
,0
12

48
,0
12

24
7,
94

2
24

5,
45

3
T
er
en

gg
an

u
28

,0
68

19
,3
82

22
,0
86

17
,1
06

30
,3
07

25
,4
82

40
,3
78

36
,8
75

42
,3
20

45
,6
04

42
,1
89

44
,4
55

20
5,
34

8
18

8,
90

5
O
th

e
r
S
ta
te
s

1
7
,3
6
5

1
1
,2
8
4

1
5
,0
6
4

1
2
,2
7
5

1
6
,6
4
3

1
8
,3
2
1

1
4
,9
1
8

1
8
,3
7
6

1
8
,5
0
4

2
0
,3
7
8

1
8
,1
8
0

1
9
,0
5
0

1
0
0
,6
7
4

9
9
,6
8
4

P
e
n
in

su
la
r
M

a
la
ys

ia
7
7
9
,7
4
9

5
5
1
,1
5
5

6
4
7
,9
6
9

6
0
5
,6
3
2

7
6
9
,5
1
8

8
4
2
,8
3
2

7
9
8
,5
0
0

9
3
3
,0
6
9

8
5
8
,8
0
6

9
7
2
,5
7
7

8
5
2
,6
6
3

9
6
3
,5
9
5

4
,7
0
7
,2
0
5

4
,8
6
8
,8
6
0

Sa
ba

h
48

1,
34

1
40

1,
29

99
41

5,
25

0
32

5,
83

0
47

5,
63

7
40

5,
83

0
49

4,
91

1
47

5,
83

8
52

6,
12

4
53

0,
64

4
47

2,
00

0
48

9,
76

4
2,
86

5,
26

3
2,
62

9,
20

5
Sa

ra
w
ak

24
7,
89

0
20

8,
23

3
21

2,
59

3
19

0,
16

6
25

1,
98

7
24

6,
48

9
26

2,
36

6
28

4,
51

8
27

2,
02

7
30

7,
30

9
24

5,
02

1
31

0,
30

8
1,
49

1,
88

4
1,
54

7,
02

3
S
a
b
a
h

a
n
d
S
a
ra

w
a
k

7
2
9
,2
3
1

6
0
9
,5
3
2

6
2
7
,8
4
3

5
1
5
,9
9
6

7
2
7
,6
2
4

6
5
2
,3
1
9

7
5
7
,2
7
7

7
6
0
,3
5
6

7
9
8
,1
5
1

8
3
7
,9
5
2

7
1
7
,0
2
1

8
0
0
,0
7
2

4
,3
5
7
,1
4
7

4
,1
7
6
,2
2
8

M
A
L
A
Y
S
IA

1
,5
0
8
,9
8
0

1
,1
6
0
,6
8
7

1
,2
7
5
,8
1
2

1
,1
2
1
,6
2
8

1
,4
9
7
,1
4
2

1
,4
9
5
,1
5
1

1
,5
5
5
,7
7
7

1
,6
9
3
,4
2
5

1
,6
5
6
,9
5
7

1
,8
1
0
,5
3
0

1
,5
6
9
,6
8
4

1
,7
6
3
,6
6
7

9
,0
6
4
,3
5
2

9
,0
4
5
,0
8
8

Jo
h
or

27
8,
80

7
28

8,
08

6
32

9,
38

5
31

3,
32

1
29

5,
43

3
29

9,
33

7
29

4,
13

0
30

0,
38

3
26

3,
14

7
24

6,
00

5
20

1,
01

9
20

1,
23

1
3,
04

7,
04

9
3,
11

7,
61

9
K
ed

ah
22

,6
66

31
,0
29

24
,0
69

30
,4
09

19
,2
87

25
,7
29

17
,4
41

26
,6
83

14
,4
32

17
,9
01

11
,0
44

15
,7
73

24
4,
95

2
31

5,
64

9
K
el
an

ta
n

26
,5
48

26
,8
79

33
,2
95

30
,7
95

28
,8
56

26
,4
13

29
,2
97

29
,5
95

25
,7
53

25
,7
44

12
,1
47

20
,1
55

28
4,
64

4
28

1,
41

2
N
eg
er
i
Se

m
bi
la
n

52
,8
01

66
,5
46

64
,0
71

71
,0
19

62
,4
46

65
,6
43

64
,8
95

63
,6
65

54
,8
26

45
,9
74

37
,7
42

34
,4
70

61
2,
78

0
68

0,
28

5
P
ah

an
g

24
8,
10

0
27

9,
10

8
30

7,
87

7
32

3,
40

7
29

0,
29

7
30

5,
76

7
29

5,
78

9
30

6,
18

1
27

5,
28

6
25

7,
50

4
16

5,
18

3
19

7,
40

8
2,
88

9,
34

3
2,
95

0,
30

0
P
er
ak

18
1,
28

7
20

2,
14

9
20

4,
42

5
21

7,
86

3
18

2,
07

1
18

5,
20

0
15

9,
71

1
17

1,
91

4
14

1,
46

2
12

4,
84

8
11

8,
11

3
12

5,
59

8
1,
90

7,
71

1
1,
98

9,
28

5
Se

la
n
go

r
49

,6
81

51
,1
13

54
,6
12

53
,7
09

48
,3
47

48
,3
52

42
,9
26

44
,3
06

37
,2
06

31
,6
23

28
,9
52

29
,3
22

50
9,
66

6
50

3,
87

8
T
er
en

gg
an

u
42

,5
04

47
,7
99

59
,7
99

59
,1
11

53
,1
47

52
,5
81

50
,4
62

60
,7
37

45
,3
20

50
,4
08

24
,4
47

36
,9
88

48
1,
02

7
49

6,
52

9
O
th

e
r
S
ta
te
s

1
8
,1
8
2

1
9
,5
5
8

1
9
,0
6
8

1
9
,2
1
1

1
6
,6
9
4

1
8
,6
6
3

1
6
,6
8
6

1
9
,5
6
4

1
3
,6
1
0

1
3
,1
2
0

1
0
,0
2
2

1
1
,7
1
0

1
9
4
,9
3
6

2
0
1
,5
1
0

P
e
n
in

su
la
r
M

a
la
ys

ia
9
2
0
,5
7
6

1
,0
1
2
,2
6
7

1
,0
9
6
,7
0
1

1
,1
1
8
,8
4
5

9
9
6
,5
7
8

1
,0
2
7
,6
8
5

9
7
1
,3
3
7

1
,0
2
3
,0
2
8

8
7
1
,0
4
2

8
1
3
,1
2
7

6
0
8
,6
6
9

6
7
2
,6
5
5

1
0
,1
7
2
,1
0
8

1
0
,5
3
6
,4
6
7

Sa
ba

h
45

6,
45

9
47

6,
37

1
55

6,
61

4
54

0,
88

2
54

4,
37

5
53

3,
54

0
57

3,
60

1
59

3,
57

9
56

9,
46

5
51

7,
10

2
48

9,
79

2
43

2,
28

8
6,
05

5,
56

9
5,
72

2,
96

7
Sa

ra
w
ak

28
8,
62

6
32

6,
99

6
37

8,
36

2
39

1,
27

3
35

5,
94

8
39

7,
83

9
34

8,
05

6
42

0,
85

9
31

0,
06

0
32

3,
71

7
26

6,
40

3
29

4,
44

0
3,
43

9,
33

9
3,
70

2,
14

7
S
a
b
a
h

a
n
d
S
a
ra

w
a
k

7
4
5
,0
8
5

8
0
3
,3
6
7

9
3
4
,9
7
6

9
3
2
,1
5
5

9
0
0
,3
2
3

9
3
1
,3
7
9

9
2
1
,6
5
7

1
,0
1
4
,4
3
8

8
7
9
,5
2
5

8
4
0
,8
1
9

7
5
6
,1
9
5

7
2
6
,7
2
8

9
,4
9
4
,9
0
8

9
,4
2
5
,1
1
4

M
A
L
A
Y
S
IA

1
,6
6
5
,6
6
1

1
,8
1
5
,6
3
4

2
,0
3
1
,6
7
7

2
,0
5
1
,0
0
0

1
,8
9
6
,9
0
1

1
,9
5
9
,0
6
4

1
,8
9
2
,9
9
4

2
,0
3
7
,4
6
6

1
,7
5
0
,5
6
7

1
,6
5
3
,9
4
6

1
,3
6
4
,8
6
4

1
,3
9
9
,3
8
3

1
9
,6
6
7
,0
1
6

1
9
,9
6
1
,5
8
1

J. Sadhukhan et al. Renewable and Sustainable Energy Reviews xxx (xxxx) xxx–xxx

4



The concept was developed by an analogy to the complex crude oil
refineries adopting the process engineering principles applied in their
designs, such as feedstock fractionation, multiple value-added produc-
tions, process flexibility and integration. This definition of biorefinery
evolved from the earlier works of the National Renewable Energy
Laboratory (NREL) [35] and the Department of Energy (DOE) of the
USA [36]. The products to target from lignocellulosic materials are the
main question for a biorefinery system. Biorefineries are often ambigu-
ously inferred to bioethanol or biodiesel or biogas production plants.
However, biofuel plants are not economically feasible without subsidies
or government support, which are short term and change with change
in ruling party. High value materials are essential to become indepen-
dent of policy and regulatory framework for businesses [37]. Chemical
and material products in a sustainable biorefinery system can have a
niche market and act as a carbon sink. Any public spending saved by
self-sustaining integrated biorefinery systems can be made available for
education and socio-economic growth of much needed vulnerable and
poor populations of the society.

Which products should be generated and what those flexible
processes are that can uptake the mixture of locally available biomass
and achieve desired product slate of demand invoke optimization based
decision making tools. There are numerous possibilities, amongst
which the niche areas need to be carefully selected based on macro-
economic or socio-economic drivers within geographical and policy
constraints. The application principles encompass integrated feedstock
management, conversion, use of end products and reuse in cyclical and
synergistic loop [2]. Renewable feedstocks from a range of local
activities can be converted to products of local needs [2]. With co-
optimization of anthropogenic activities (agricultural, forestry, resi-
dential, industrial and commercial), impacts on land, soil, water and

atmosphere will be reduced. A truly sustainable biorefinery design calls
for such a challenging solution for “whole systems” [2]. However, the
complete fusion of industrial symbiosis framework is a gradual process,
requires decades to stabilize from one state to another: e.g. from fossil
based economy to bio- renewable economy [38].

This paper critically reviews bioenergy, biorefinery and bioeconomy
potentials in Malaysia in the following sections. Processes to recover
resources from waste such that the recovered resources can be put back
into value chains have been identified and prioritised for delivering a
more circular economy. The final sections also review unsustainable
pathways and recommends strategies for sustainable production and
consumption pathways for Malaysia, before drawing on overall con-
clusions. The sustainable technological pathways discussed in this
paper can be replicated in other emerging economies, such as South-
East Asian, African and Latin American countries.

2. Lignocellulosic biomass: challenges and opportunities for
the bioeconomy

Lignocellulosic biomass is the only workable biomass to avoid any
potential competition with food [2]. Lignocelluloses are made up of
three main polymer types: cellulose, hemicellulose and lignin.
Celluloses and hemicelluloses are polysaccharides of C6 and C5
monomers, respectively, connected by β-(1-4)-glycosidic linkages [2].
The main lignin compounds are polymers of para-hydroxyphenyl (H
lignin), guaiacyl (G lignin) and syringyl (S lignin) alcohol [2].
Lignocellulose structure is illustrated in Fig. 3.

Pretreatment for decomposition of biomass into cellulose, hemi-
cellulose and lignin is needed for lignocellulosic or second generation
feedstock due to its heterogeneous nature [39]. The various methods of
pretreatment broadly fall into two categories: addition of extraneous
agent and application of energy for the decomposition of lignocellulose.
The former incurs higher cost of chemical and downstream separation
and purification and the latter incurs higher cost of energy and capital
cost of pretreatment. Hydrolysis (acid or alkali) [40], organosolv
(extraction using organic solvent) [41] and ionic liquid extraction
[42,43] use extraneous agents for biomass decomposition, while
ultrasonication [44] and microwave irradiation [45,46] technologies
make use of energy for biomass decomposition. Steam explosion and
supercritical water extraction technologies (also known as pulping or

Table 3
Production rates of EFB, PMF, PKS and POME with respect to FFB [18].

Biomass available from Palm Oil
Industry

% from FFB Quantity million tonnes

EFB 23 21.24
PMF 13 12.00
PKS 6 5.54
POME 60 55.40

Fig. 2. A conceptual diagram of bioenergy economic cycle.
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hydrothermal liquefaction, operated upto 450 °C temperature and
250 bar pressure) [47,48] are a flexible method for biomass decom-
position, because moisture is naturally present in biomass reducing the
amount of steam requirement. Pretreatment liberates hemicelluloses
first because these are hydrolyzed at a faster rate. Liberation of
hemicellulose is needed and usually the first step to separate lignin
and cellulose. β-(1-4)-glycosidic linkages are broken down by pretreat-
ment, liberating glucose from celluloses. The mechanism is also
illustrated in Fig. 3.

3. A framework approach for the creation of technology
readiness level (TRL)

Lignocellulosic biorefineries are developing – with mature technol-
ogies focused on bioenergy, biogas and biofuels; developed technolo-
gies on platforms or intermediate products, e.g. syngas and bio-oil; and
developing technologies on RRfW [49], carbon dioxide reduction
(CDR) and carbon capture and reuse (CCR) to produce chemicals,

biofuels, materials, etc. These technologies across the TRL are illu-
strated in Fig. 4. High efficiency RRfW, CDR and CCR technologies
integrated within biorefineries [49] are beginning to be seen as an
effective way in realizing a circular green economy in Malaysia [1].

The creation of the TRL is a result of an effective stakeholders’
engagement approach through a week long Researcher Links
workshop between UK and Malaysia [9]. Fig. 5 shows the main
steps in the approach and interactions between various stake-
holders. The core scientific and management committee consisting
of specialists in biorefinery design configuration, synthesis, inte-
gration and optimization for sustainability that has organized the
fully funded workshop under Newton funding, has also been
responsible to synthesize outputs from the workshop. The commit-
tee has fully engaged with all participant stakeholders in order to
synthesize the outputs, one of which is the work reported here.
Early career researchers, 20 from each nation, were offered fully
funded places on a competitive basis using the format for the
Newton funded Researcher Links workshop application, to present

Fig. 3. Lignocellulose structure and constituents (top); β-(1-4)-glycosidic bond breakage by pretreatment, liberating glucose from celluloses (bottom).

Fig. 4. Lignocellulosic biorefinery development across the technology readiness level (TRL).

J. Sadhukhan et al. Renewable and Sustainable Energy Reviews xxx (xxxx) xxx–xxx

6



their research in the workshop and contribute in follow-on discus-
sions for the synthesis of outputs. The governance, NGOs and
policy and decision makers in the area in Malaysia were invited to
give speeches and fully engaged after the workshop for revalidation
of the outputs synthesized. The output synthesis process has been
iterative involving stakeholders’ inputs throughout. The stake-
holders that represented the workshop have been research and
business organizations in the UK and research, business, govern-
mental, non-governmental and funding organization in Malaysia.

The following sections discuss the systems’ status quo and perspec-
tives, across the TRL, shown in Fig. 4.

4. Overview of mature technologies: bioenergy and biofuel
productions

4.1. Bioenergy production

Bioenergy technologies are the oldest amongst all possible
biomass exploitation technologies. The simplest form consists of
a biomass boiler integrated with steam drum for steam generation
from boiler feed water (BFW) and steam superheater. Exhaust gas
leaving the biomass boiler is heat recovered into steam generation
in steam drum and steam superheating in superheater. Adsorbent
such as activated carbon should be in place to entrap particulates
and un-combusted volatile organic compounds, which can be
recycled back to the boiler for complete combustion. Thus, the
exhaust gas is free from pollutants other than carbon dioxide and
moisture. CO2 released is from renewable carbon constituent of the
biomass. Ash content in the biomass is collected by a rotating cone
configuration at the bottom of the boiler. Ash has various uses e.g.
in construction sector. The superheated steam is expanded through
back pressure and condensing steam turbines, generating electri-
city through generator, into BFW, returned to the boiler. An
effective biomass based combined heat and power (CHP) system
using boiler technology has been designed for bioenergy generation
[50]. The optimum CHP system designed under Malaysian eco-
nomic scenario generates 472 kW of net electricity from sago barks
(10.2 odt/d) (odt: oven dry tonne) with a payback period of 3.51
years, and a GWP saving of 8487 kg CO2 equivalent/d [50]. In order
to achieve the highest economic performance, labor from sago
starch extraction process (SSEP) with the starch production capa-
city of 12 t/d, and off-site pre-treatment have been utilized.
Besides, sensitivity analysis based on the existence of pre-treat-
ment, variations in feedstock cost, boiler efficiency, and biomass
feedstock has also been conducted [50].

4.2. Bioethanol production

Fermentation is the process of decomposing an organic substrate
into products (e.g. bioethanol) by bacteria, yeast, fungi and other
microorganisms usually present in gut. The reaction of bioethanol
production from glucose fermentation is as follows (1 mol glucose is
decomposed into 2 mol ethanol and 2 mol carbon dioxide):
C H O CH CH OH CO→2 + 26 12 6 3 2 2

The process of both sequential and simultaneous saccharification
and fermentation (SSF) of biomass can be carried out in parallel to on-
site enzyme production using some cellulose from saccharification [51].
Based on the study in NREL/TP-5100-47764, cellullase enzyme can be
produced by Trichoderma asperellum and Aspergillus fumigates [52].
A total cellulase loading of 20 mg enzyme protein / g cellulose is
required to achieve > 90% conversion of glucose into bioethanol. How
much cellulose should therefore be diverted for highest glucose yield at
least enzyme cost can be determined based on biomass variability [51].
In the fermentation process, recombinant co-fermenting bacterium
(Zymomonas mobilis) can be used to ferment C5, C6 sugars simulta-
neously to bioethanol [52]. After the fermentation process, a beer
column and a rectification column are operated to recover bioethanol-
rich stream, which can further be dehydrated to drop-in bioethanol via
a molecular sieve adsorption process. The bottom stream from the beer
column is dewatered by filter press. The solid-rich stream can be used
for CHP generation. The filtrate can be treated for recycling water,
while the sludge can be anaerobically digested to recover nutrients and
generate biogas. Upon process integration, more flexibility to product
recovery can be incorporated, e.g. biogas for gas grid or engine for
electricity generation, etc.

Majority of the bioethanol plants are still operating on first
generation food crops. For second generation non-food lignocelluloses,
pretreatment, e.g. dilute acid / alkali hydrolysis is necessary, to extract
C5, C6 sugars for fermentation to bioethanol production; this pretreat-
ment extraction process helps to separate lignin from the sugars.
Lignin is known to interfere or inhibit microbial fermentation of
sugars, hence, its separation from hydrolysate or sugar solutions is
needed by pretreatment for maximization of fermentation product
yield, in this case bioethanol. The other difference between first and
second generation feedstocks is that a greater amount of lignin is
available for valorization into bio-based products, in the latter scenario,
thus the former scenario gives higher yield of bioethanol based on the
feedstock flowrate, compared to the latter. However, yield of bioethanol
with respect to sugars enzymatically fermented is very much the same
at the mark of 95% by mass of C6 sugars and 85% by mass of C5 sugars
[51]. For more developed TRL, lignin is utilized to produce CHP, more
likely in a boiler system, as shown in [51]. In the case of CHP
generation from second generation bioethanol plant, excess electricity
generated after fulfilling on-site energy demand can be distributed
locally in rural areas without connection to grid or otherwise added to
national grid [51]. Alternatively, where there is cheaper heat and
electricity available in surrounding areas for the use by the site, lignin
can be valorized into high value products, benzene, toluene, xylene,
phenol, guaiacol, vanillin, syringol, dimeric structures, etc. [51],
replacing petrochemicals.

In an integrated sago-based bioethanol plant (SBP) in Malaysia, a
total of 4.75 t/d of bioethanol and 35.3 kW of electricity for export has
been produced from 20.8 t (wet basis) or 10.2 t (dry basis) of sago
barks; and 16.9 t (wet basis) or 6.5 t (dry basis) of sago fibres generated
from the SSEP operating at a starch production capacity of 12 t/d [51].
The process is associated with a GWP saving of 16.32 t CO2 equivalent
/ d. The payback period of the integrated SBP with on-site enzyme
production and using available labor from SSEP is estimated to be 6.6
years. Based on the analysis, it is noted that enzyme and labor costs are
the main cost contributors in the development of a new integrated SBP
and hence a sensitivity analysis of such parameters on sustainability
performance has been performed, which can be found in [51].

Fig. 5. Framework for stakeholders’ engagement for output synthesis via a Newton
funded UK-Malaysia Researcher Links workshop.
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4.3. Biodiesel production

Biodiesel is a state-of-the-art renewable fuel produced by reacting
vegetable oils, refined oils and animal fats, containing triglycerides and
free fatty acids as the main constituents, with methanol. The three
main reactions steps in transesterification of triglyceride with methanol
are triglyceride (T), diglyceride (D), and monoglyceride (M) reactions
with methanol (CH3OH) to form D, M and glycerol (G) respectively
along with methyl oleate (MeOl), or longer chained methyl ester –
depending on glyceride chain length [53]. Fatty acid methyl esters such
as MeOl are known as biodiesel.

The multiphase transesterification reaction suffers from mass
transfer limitations. Various researchers have investigated intensifica-
tion of biodiesel reactor for increasing area to volume ratio and
overcoming mass transfer limitations, such as heterogeneously cata-
lyzed reactor [54], oscillatory baffled reactor [55–57], micro-structured
reactor [58], membrane reactor [59,60] and simulated moving bed
reactor (SMBR) [61]. Dynamic multi-scale simulation and computa-
tional fluid dynamics methods have been used to optimize process and
product performances.

Heterogeneously catalyzed transesterification reactions that include
alkali oxides, alkaline earth oxides, zeolites, and hydrotalcites, are
preferred over homogeneous reactions due to soap formation, catalyst
loss, and greater number of separation steps in homogeneous reaction
mixture. An effective SMBR process has been designed for 90%
conversion of fatty acids via esterification reaction for high purity
biodiesel production with the following operating conditions: switching
time of 900 s, length of 0.25 m, and feed, raffinate, and eluent flow rate
ratios of 0.41, 0.49, and 0.75, for a given velocity of 2.4 × 10−4 m/s in
the reaction zone [61].

Biohydrogen for renewable electricity for electric vehicles is an
attractive proposition. Biohydrogen can be derived from biomass via
fermentation or gasification. Food and agriculture wastes have been
examined in continuous tubular fermenter using E.coli bacteria with a
view of industrial scalability [62,63].

4.4. Future bioethanol producing systems

Pretreatment by mechanical separation extracts hemicellulose from
celluloses. Enzymatic hydrolysis of C5 sugars can then give rise to
various valuable chemicals, xylose, arabinose, while C6 sugars to
bioethanol. Co-production of arabinoxylan as food ingredient by roller
milling / debranner operations as pretreatment prior to SSF producing
bioethanol has been assessed for optimal operation and economic value
generation [64–67]. Bioethanol yield is 34% by mass of feedstock and
arabinoxylan's yield is 3.5% by mass of bioethanol, respectively.
Arabinoxylan's selling price is £6 per kg compared to bioethanol's
(£0.3–0.6 per kg). In the integrated configuration between bioethanol
and arabinoxylan productions, bioethanol can be internally used for
arabinoxylan extraction and purification, in a cyclical loop, which can
be optimized using bioethanol pinch analysis methodology [68].
Furthermore, economic value and environmental impact (EVEI) ana-
lysis has been applied to graphically visualize environmental impact
savings vs economic value generation in a step-wise improvement of a
biofuel plant to a biorefinery system [69,70]. Fig. 6 shows the
integration strategy between bioethanol production, CHP, effluent
treatment plant (ETP) and anaerobic digestion (AD) systems [52].
Life cycle assessment (LCA) is a standardized method of evaluating
environmental impact of a system across all associated supply chains
and from raw material acquisition through manufacturing and opera-

tions to end use, reuse, recycling and recovery [2,71]. LCA tool has
been applied to demonstrate that an integrated bioethanol, ETP, AD
and CHP system gives more than 85% greenhouse gas (GHG) emission
reduction and 97% fossil resource saving, compared to a stand-alone
bioethanol plant, barely giving 50% GHG emission reduction potential
[72].

4.5. Future biodiesel producing systems

Novozymes© have their own enzymatic cocktail to make biodiesel
from oils, in Malaysia. Their enzymatic, yeast and nutrition recipe
enables palm kernel cake (PKC) (e.g. 1000 kg) conversion into palm
kernel oil (PKO) (35 kg), bioethanol (237 kg) and palm kernel protein
(PKP) (555 kg), respectively [73].

Malaysia has a biodiesel policy which required the fuel producers to
blend palm oil & petroleum derived diesel for diesel fuel to be used in
transport. Current global output of 65 million tonne palm oil requires
cultivation of 15 million ha which are dramatically less than the 194
million ha needed to produce just 87 million tonne oil from oilseed
crops such as soybean, rapeseed and canola [74]. Therefore, in terms of
total oil yield per hectare, oil palm is more than 6.5-fold more efficient
than the average combined yields of other crops. If oil palm is not taken
into account, about 130 million ha more land will be needed to produce
the same volume of oil [74]. Oil palm is the most productive source and
cheapest of vegetable oil for biodiesel.

It has been seen that oil palm grows in a region of high poverty,
illustrated in Fig. 7 [74]. Thus, palm oil for blending into petroleum
derived diesel should be seen as an opportunity for socio-economic
growth of world's high poverty regions. However, negative campaigns
have prevented wide-spread take up of palm oil as a viable transporta-
tion fuel. This led to the creation of the Roundtable of Sustainable Palm
Oil (RSPO) for certifying sustainable palm oil production and use [75].
RSPO enabled more than 13 million tonnes of RSPO Certified
Sustainable Palm Oil produced from more than 3 million hectares
production area around the world. This figure translates to 20% of the
global CPO production certification to date [74]. The palm oil industry
in Malaysia today grows oil palm plantation in brownfields and low
carbon stock areas and free from claims by other stakeholders. The
sustainable palm oil producers operate within the boundary of the law,
particularly with regard to land ownership, labor rights and environ-
mental conservation.

The RSPO standard was developed by stakeholders from around the
world, which allowed the criteria to cover from legal, economic, social
to environmental aspects of oil palm production, yet keeping in mind
that the standard is to promote continuous improvement of the current
practices, and not meant to shut down the industry. The standard gives
room for producers embark on the learning process thus supporting

Fig. 6. Integrated system of bioethanol production, CHP, effluent treatment plant (ETP)
and anaerobic digestion (AD) systems.
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the theory on factors contributing to the effective voluntary approach.
The standard should form the basis for acceptability of palm oil as
biofuel in other countries not producing it, in order to channel the
economic flow to the countries producing it in the regions of extreme
poverty. The European Union mandates the use of only those biofuels

that give an emission cut by at least 60% across the supply chain and
limits the use of first generation biofuels up to 7%. Thus, the GHG
emission sources in the supply chain of palm oil production, as shown
in Fig. 8, must be optimized for least GHG emissions [74]. Some global
companies have already uptaken certified products, but not particularly

Fig. 7. Highest oil palm growing region is also the region of extreme poverty. Palm oil should therefore be seen as an opportunity for elimination of poverty in this region [74].
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as biofuel, for which the demand is higher and so is the socio-economic
growth potential of poorer.

A recent report from the International Energy Agency reveals that
fossil fuel usage has stepped up again [76]. Much of the middle income
families in developing world are just beginning to experience the comfort
of driving their own petroleum-driven cars. Electrical vehicles are
developing, but the infrastructure is not quite ready yet to support the
wide-spread adoption of vehicles run on renewable electricity. Thus,
biofuels can provide an interim solution for developing economies.

Though renewable electricity generation has gone up and is expected to
double up to 22% share of electricity mix by 2040, the quantity generated
is not enough to support developing economy. It is the transition period,
when the use of biofuel is desirable to help the developing nations reach
the developed economy, as long as biomass to produce biofuel does not
compete with food crops land. Up to 20% palm oil can be blended into
petro-diesel using existing engines [74]. 100% palm oil usage calls for
engine modifications yet to be seen. In June 2016, 10% biofuel blend in
transport sector has been mandated in Malaysia [74].

Fig. 8. GHG emission sources in the palm oil production value chain [74].

Fig. 9. State-of-the-art biogas plant in Malaysia [73].
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4.6. Biogas production

AD is a process of breaking down biodegradable fractions of waste
materials by microbes in the absence of oxygen, into methane used as
an energy vector and digested matter as bio-fertilizer, respectively [77].
A generic reaction to describe the process is as follows:

C H O x z CH z CO→( −
2

) +
2x x z z4 −2

4
2

It has been shown that a high grade biogas ( > 96% methane by
volume) can save 0.0793 kg CO2 equivalent / MJ if injected to natural
gas grid or 0.12 kg CO2 equivalent / MJ if utilized in CHP generation by
the replacement of natural gas [77]. The other atmospheric emission
impact savings, e.g. in acidification and photochemical oxidant creation
or urban smog potentials, are also notable [77]. AD co-produces bio-
fertilizer, which gives a GWP saving of 0.44–0.77 kg CO2 equivalent /
kg bio-fertilizer replacing fossil derived fertilizer in agricultural appli-
cation [77].

1 t of CPO production is associated with 9 t of biomass production,
if all of which is used for energy production, e.g. via biogas in AD they
can fulfil 80% of energy need of Malaysia [73]. A typical biogas plant
configuration deployed or being considered for investment in majority
of the mills is shown in Fig. 9 [73].

A multi-process / multi-product facility can help managing the CPO
mill waste sustainably [78], as shown in Fig. 10 [79]. This modern site
is designed based on a novel concept of Waste Recovery and
Regeneration System (REGEN System) [80] and located adjacent to
Havys Oil Mill Sdn Bhd in Palong, Negeri Sembilan. REGEN System is
an integrated system consisting of various technologies to convert all
the solid and liquid biomasses in the palm oil mill into products. The
system generates sufficient biogas and power to support the operation
of the entire system. It is energy self-sustained and it produces
additional electricity to support the palm oil mill operation or export.
The treated liquid waste or palm oil mill effluent (POME) meets the
discharge standard steadily and it is further treated for reuse and
recycle of pure water in the palm oil mill. By adapting to such a system,
all biomass generated in a palm oil mill can be converted into bio-based
products and bioenergy.

The site uses POME to generate 1200 m3/h (or 800 m3/h at STP)
biogas containing 60% methane by volume via an integrated anaerobic
/ aerobic bioreactor (IAAB) system. Sulphur content of the biogas
though is acceptable by the installed gas engine, < 4000 ppmv, is
higher than the acceptable limits in developed nations, which are in the
range of 10 ppmv. In view of enhancing its clean-up process, thus
Selexol™ or Rectisol™ process is recommended for integration
[2,81,82]. The two most commonly used physical absorption processes
are the Rectisol™ and Selexol™ technologies for the removal of CO2,

H2S, COS, HCN, NH3, nickel and iron carbonyls, mercaptans, naphtha-
lene, organic sulphides, etc. to trace levels. The Rectisol™ technology
developed by Lurgi that uses refrigerated methanol as the solvent for
physical absorption or removal of undesired contaminants producing
ultra-clean syngas is widely used in process plants. Rectisol™ provides
an excellent option for co-removal of a number of contaminants
including H2S, COS, HCN, NH3, nickel and iron carbonyls, mercaptans,
naphthalene, organic sulphides, etc. to trace levels (for e.g. H2S to less
than 0.1 ppm by volume), using one integrated plant [2]. The technol-
ogy is most relevant in the face of growing interest for chemical
production, such as synthesis of ammonia, methanol, Fischer-Tropsch
liquids, oxo-alcohols, and gaseous products such as hydrogen, syngas,
reduction gas and town gas [83–85]. A Selexol™ process of UOP can
also be used when less stringent fuel gas specification is required. The
Selexol™ process, unlike the Rectisol™ process, is less energy inten-
sive. A heat integration study shows that excess low pressure (LP)
steam can be generated from a Selexol™ process. The operating
temperature of the Selexol™ absorber columns is 30–40 °C. The
solvent for the Selexol™ process is dimethyl ethers of polyethylene
glycol (DMEPEG). The Selexol™ solvent has a formula of
[CH3O(CH2CH2O)xCH3] where x ranges from 3 to 9 with an average
molecular weight of about 272. The Selexol™ process operates at high
pressure > 20 atm and can operate selectively to recover H2S and CO2

[2]. Metallic sulphur can be recovered from sulphur compounds using a
standard Claus process, known to petroleum refinery industries [2].

Biogas in the existing configuration in Fig. 10 is combusted in an
engine to generate electricity for national grid. By 2020, Malaysia's
target is to connect biogas produced from 250 mills to the national gas
grid [73]. In Malaysia, 53% of electricity generation are contributed by
natural gas, which can be replaced by biogas [86]. Effluent extracted
from the biogas system is polished to clean water of drinking water
quality. The quality of effluent and clean water generated is given in
Table 4 [79]. The chemical oxygen demand (COD), biological oxygen
demand (BOD) and turbidity obtained are below the acceptable limits
of drinking water. In the site, generated water is recycled back to the oil
palm mill and used in agricultural field. EFB is primarily used in
making of pellets from short fibre and fibre (from long fibre), for
further usage in the value chain. EFB in other mills are used for biogas
generation. The rest of EFB, boiler ash and a part of decanter cake are
used as bio-fertilizer, while the balance of the cake is used as animal
feed. A 60 t/h – capacity CPO mill is expected to produce the product
rates shown in Table 5 from the integrated facility [79].

In 2013, at the UN General Assembly in New York, ‘‘Sustainable
Development and Climate Change: Practical Solutions in the Energy–
Water Nexus’’ has been highlighted as a theme that needs adequate
attention given the importance of inter-linkages between water and
energy sectors in framing the sustainable development agenda [87].

Fig. 10. Integrated multi-process / multi-product facility to utilize CPO mill biomass [79,80].
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The implications of energy consumption in the modern world go
beyond these boundaries, for e.g. environmental pollution, in particular
important in urban environment [88,89], which must be mitigated
using RRfW concept [90]. The following section thus reviews emerging
biorefinery, RRfW, CCR and CDR technologies exploiting polygenera-
tion concepts [90].

5. Overview of developed systems: platform or intermediate
products

Thermochemical conversion is an important process for converting
biomass into a platform product, syngas via gasification and bio-oil via
pyrolysis, etc. Syngas and bio-oil can be precursors to a range of
transportation fuels, gasoline, jet fuel and diesel as well as chemicals.

5.1. Bio-oil based biorefineries

Thermochemical conversion at a temperature 400–500 °C in the
absence of oxygen results into a liquid called bio-oil. The widely
applied Waterloo's kinetic model assumes that the pyrolysis reactions
proceed in a two-stage mechanism [2]. The primary reactions involve
the formation of gas, oil and char. The secondary reactions involve the
conversion of oil into further products in the forms of gas, oil and
char. The rate of the secondary reactions is much lower than the
primary reactions. The secondary conversion of oil into char is
negligible. Typical yields of gas, bio-oil and char are 45%, 45% and
5% by mass from dry lignocellulose. Bio-oil can be gasified into syngas
generation followed by methanol or Fischer-Tropsch synthesis [90].
Bio-oil is a cleaner form than biomass and has higher energy density,
which makes it an easy to transport commodity. Hence, bio-oil can be
produced from locally available biomass at small scale, collated from
various distributed locations and transported to a centralized plant
for fuel (e.g. Fischer-Tropsch liquid) or chemical (e.g. methanol)
synthesis. An energy efficiency of 61.5% from bio-oil to methanol
production or 58% from bio-oil to Fischer-Tropsch liquid synthesis
(based on bio-oil low heating value) has been demonstrated. Out of
these, the main product, heat, and electricity contribute by 54%, 33%,
and 13% of the output energy generated from the centralized plant,
respectively. The GWP savings by the centralized plants are 0.75 kg
CO2 equivalent / kg bio-oil.

Microwave pyrolysis is a technically and energetically viable and
effective method to recover useful products from biomass, e.g. used
cooking oil, MSW, forestry and agricultural residues. It shows advan-
tages in providing fast heating, extensive cracking and a reducing
reaction environment [46,47]. The pyrolysis produces biofuel and
syngas that can be utilized as a fuel or precursor of petrochemicals or
equivalent functional chemicals and the char produced can also be used
as a precursor to produce activated carbon and catalyst. The biofuel is
diesel-like, low in oxygen, free of sulphur, carboxylic acid and
triglycerides.

Steam explosion and supercritical water extraction technologies
(also known as pulping as well as hydrothermal liquefaction, up to
450 °C and 250 bar) [48] can be used to extract bio-oil with lower
oxygen and moisture contents and higher calorific value (34 MJ/kg
compared to the bio-oil from pyrolysis process, 17 MJ/kg) [2]. The
process provides higher functionality, but incurs higher capital cost
than pyrolysis.

Bio-oil hydrotreating and hydrocracking also called upgrading
are suitable for simultaneous production of gasoline and diesel and
include cracking to olefins and hydrogenation to high octane
isoparaffins (mainly in gasoline), ring separation and opening into
smaller aromatic compounds and cycloparaffin (mainly in diesel)
and side chain hydrocracking and isomerization, which can be
regulated to have better control over biofuel product and process
performance [2,91,92]. Hydro-de-oxygenation refers to water re-
moval by hydrogen. Decarboxylation indicates carbon dioxide and
or carbon monoxide removal for the generation of olefins, isopar-
affins, smaller aromatics and cycloparaffins, etc. [2,91]. 40 step
reactions have been targeted on bio-oil to produce drop-in straight
run gasoline and diesel from side columns, followed from the bio-
oil reactor. Drop-in qualities diesel and gasoline yields of 40% and
3% by mass of bio-oil are obtained from bio-oil hydrotreating and
hydrocracking. Up to 60% blending of these fuels to the crude oil
derived gasoline and diesel are possible, without affecting the
resulting transportation fuel qualities, giving a GWP saving of
85%. [2,91]. Furthermore, it is possible to add bio-oil as hydro-
cracker feedstock in petroleum refinery, which can produce the
final quality renewable diesel. This can lower the capital cost of the
bio-oil upgrader by 38% and operating cost by 15%.

Driven by the need to develop a wide variety of products with
low environmental impact, biorefineries need to emerge as highly
integrated facilities [93]. This becomes effective when overall mass
and energy integration through a centralized utility system design
is undertaken. A whole Jatropha biorefinery design includes green
diesel production via hydrotreatment of Jatropha oil [94]. The
process is coupled with gasification of husk to produce syngas.
Syngas is converted into end products, heat, power and hydrogen
for the green diesel production reaction. Anaerobic digestion of
Jatropha by-products such as fruit shell and cake has been
considered to produce biogas for power generation. The integrated
biorefinery system achieves 57% energy efficiency and greater than
90% GHG emission cut, compared to petroleum derived diesel
system [94]. The green diesel yield is 90% by mass of Jatropha oil.
For whole Jatropha fruit utilization, the net electricity export is
0.7 GJ/kg Jatropha fruit.

5.2. Syngas based biorefineries

Gasification, on the other hand, provides a cleaner and higher
efficiency process at 950 °C for partially oxidizing carbonaceous fuels
into a gas product that upon clean-up and purification has mainly CO
and H2, known as syngas (synthetic gas). The valuable energy is
retained in the syngas, which is a versatile platform to produce
chemicals, fuels, heat and power. Biomass gasification combined cycle
(BGCC) builds upon utilization of syngas in power generation via gas
turbine, shown in Fig. 11 [2,82]. The exhaust gas from the gas turbine

Table 4
Quality of effluent and clean water generated [79].

Parameter Treated
Effluent

Recovered
water

Drinking
Water Std.

Unit

pH 6.8–7 7–8 6.5–9
BOD 15–22 < 6 6 mg/L
COD 200–250 < 10 10 mg/L
TSS (Total

suspended
solid)

50–100 mg/L

Turbidity Nil < 5 5 mg/L
TDS (Total

dissolved solid)
1000 mg/L

Table 5
Production rates from integrated multi-process / multi-product facility utilizing biomass
from 60 t/h – capacity CPO mill [79].

Product Projected Annual Production Capacity

Dried Long Fibre 4800 t
Pellet 24,000 t
Bio-fertilizer 24,000 t
Power from Biogas (3MWh) 21,600 MWh
Treated Water 103,000 t
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is heat recovered into steam generation, in heat recovery steam
generator (HRSG), before being released to the environment.
Generated steam is superheated in gas cooler and then expanded
through back pressure and condensing turbines for electricity genera-
tion. The product gas from gasification undergoes cooling for heat
recovery into steam superheating, and clean-up including Selexol™ or
Rectisol™ process for removal of contaminants including sulphur
compounds to ppmv level and quench for particulate removal, before
combustion in the combustor of the gas turbine. If other usages of
syngas is targeted, e.g. methanol [85] or Fischer-Tropsch [84] synth-
esis, water gas shift reaction is incorporated after gas cooling and
clean-up, for meeting hydrogen to carbon monoxide molar ratio of 2:1
required by those synthesis processes.

Biomass gasification fuel cell (BGFC) shown in Fig. 11 gives a much
higher energy efficiency of ~ 80% [2,81]. The proven concept exploits
extensive heat and water recoveries to achieve close to theoretical
energy efficiency [81].

Entrainment of tar, ash and particulates in the product gas in
the gasifier is the greatest problem to solve [95]. Heterogeneously
catalyzed gasification shows promises of selective production of
clean gas with higher hydrogen to carbon monoxide molar ratio
that can be directly used in product synthesis, methanol or Fischer-
Tropsch liquid. For BGCC or BGFC, though hydrogen to carbon
monoxide molar ratio is not crucial for combustion in gasifier or
solid oxide fuel cell, but removal of contaminants to ppm level is
essential for catalytic product synthesis downstream. Successful
gasification catalysts and along with enhanced gasifier performance

in terms of hydrogen to carbon monoxide molar ratio are shown in
Table 6 [96–102].

6. Overview of developing systems: future biorefinery
systems

It has been observed that Malaysia's local businesses go for low risk
– low value products, bioenergy, pellets, biogas, fibre, particle board,
etc. [78,79,103]. But the economic profitability lies with the chemical
products [39,104–108]. Fig. 12 shows the economic values of bio-
based products with respect to time scale of their development, in
Malaysia. There are economic drivers for chemical synthesis, especially
succinic acid (£3990–5985 per tonne), levulinic acid (£5000–8000 per
tonne) and biobutanol (£630–815 per tonne, compared to bioethanol
£300–590 per tonne) – these three priority chemicals appear in the
various National reports and have attracted market investments [109–
112]. GWP saving by these when used as chemical is also not far off
from biofuels or bioenergy, e.g. 0.7 kg CO2 equivalent / kg, compared
to fossil-derived equivalent products. Better functional or quality
product and faster marketability, greener and sustainable production
and consumption, and least production cost are the main targets to tap
into chemical market that can attract the Government's investment.

Even though a niche bio-based product would have much higher
market price, listed in Fig. 12, compared to energy products, which are
dependent on policy and legal framework and actions by the
Government, supportive policy regulations will still be essential for
sustainable bio- businesses.

Fig. 11. BGCC: BFW: Boiler feed water, ETP: Effluent treatment plant, GT: Gas turbine, HT: High temperature, LT: Low temperature, VHP: Very high pressure, HP: High pressure, MP:
Medium pressure (top); BGFC: SOFC: solid oxide fuel cell (bottom) [2]. Copyright© 2014 Society of Chemical Industry and John Wiley & Sons, Ltd.
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6.1. Supportive policy regulations for advanced biorefinery system
and bioeconomy development

Three main policies shown in Fig. 13 will drive the bioenergy,
biorefinery and bioeconomy development in Malaysia: Renewable
Energy Policy & Act; National Biotechnology Policy; and Green
Technology Policy.

The Feed-in-Tariff (FiT) scheme gives leverage on biomass-derived
/ renewable electricity price applicable to biogas to electricity and
biomass to electricity generation schemes. The FiT rates in RM-Sen/
kWh valid for following 16 years after operation, are dependent on
installed capacity, up to 4 MW, 4–10 MW, 10–30 MW; and gas engine
performance: e.g. above 40% efficiency, locally manufactured or
assembled gas engine technology, additional FiT for landfill or sewage

Table 6
Catalytic gasification options and performances against non-catalytic gasification.

Catalyst Ni/Al2O3 Ni/Ce/
Al2O3

Ni/Mn/
Al2O3

Fe/Al2O3 Fe/Ca/
Al2O3

Fe/Mn/
Al2O3

Cu/Al2O3 Co/Al2O3 Ni/Cu/
Al2O3

Ni/Fe/
Al2O3

Water injection (g/h) 2.85 2.85 2.85 2.85 2.85 2.85 2.85 2.85 2.85 2.85 2.85
Gas yield (wt%) 42.63 63.19 77.19 60.76 59.59 56.59 54.49 42.92 49.79 56.75 56.04
Mass balance (wt%) 95.42 95.29 103.20 99.59 98.06 93.09 95.23 97.37 89.90 96.78 101.20
Hydrogen Production

(mmol/g)
4.92 14.48 24.32 13.44 12.28 12.18 11.90 5.87 9.15 11.31 11.29

Gas Composition (vol%)
CO 36.74 23.83 23.41 18.61 16.81 15.28 15.59 33.62 24.81 24.98 19.41
H2 25.12 42.88 52.88 44.00 42.31 43.89 44.24 30.04 37.66 39.76 40.01
CO2 15.06 20.40 19.07 27.10 29.31 29.74 29.85 19.91 22.95 22.38 24.86
CH4 18.16 11.86 4.47 8.55 9.86 8.34 8.61 12.33 11.90 11.13 14.46
C2 – C4 4.91 1.03 0.17 1.73 1.71 2.74 1.70 4.11 2.68 1.75 1.26
H2/CO 0.68 1.80 2.26 2.36 2.52 2.87 2.84 0.89 1.52 1.59 2.06
H2/CO2 1.67 2.10 2.77 1.62 1.44 1.48 1.48 1.51 1.64 1.78 1.61
CO + H2 61.86 66.71 76.28 62.61 59.13 59.18 59.84 63.65 62.47 64.74 59.42

Fig. 12. Economic values of bio-based products with respect to time scale of their development (top); Value generation in Malaysian Ringgit (RM) per tonne for bio-based products
(bottom) [124].
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gas usage [113,114]. Main renewable energy sources identified are
biomass: CPO biomass, wood / forestry / sawmill, MSW, rice husk and
straws and sugarcane bagasse and molasses; hydro-power, and solar
thermal and photovoltaic [115–118]. Animal wastes / livestocks
though were not explicitly mentioned as a source of biogas, a recent
study shows that 4589.49 million m3 annual production of biogas are
possible from animal waste in Malaysia that could provide an electricity
generation of 8.27 TWh [119]. However, the quality of the biogas
generated will not be suitable for engine usage. Another promising
application of biogas is seen as compressed natural gas (CNG) as a fuel
in vehicles. This application particularly needs ultra-pure quality
methane. The composition of methane should be more than 97% and
CO2 less than 3% by volume, H2S less than 10 ppmv and water content
should be less than 32 mg/Nm3 [120]. Thus, the Selexol™ or Rectisol™
absorption process that also absorbs CO2 is needed for biogas
purification before injection to gas grid or being used as CNG [2,81,82].

Under the Renewable Energy fund by Pusat Tenaga Malaysia
(PTM), consumers who utilize electricity more than the set minimum
point must contribute 1% of their bill towards the fund. The collected
fund will then be used to equalize the price between non-renewable and
renewable sources of energy administered by the Sustainable Energy
Development Authority (SEDA), under the Ministry of Energy, Green
Technology and Water (KeTTHA) [121,122].

The National Biotechnology Policy is meant to protect interest of
high value chemicals from biomass. Application sectors include
agricultural biotech, healthcare biotech, industrial biotech and bio-
informatics. The development is seen in phases, first by capacity
building, followed by science to business and finally global presence
of Malaysian business [123].

Green technologies are defined based on the following criteria: that
minimizes degradation of the environment; has zero or low GHG
emission; is safe for use and promotes healthy and improved environ-
ment for all forms of life; conserves the use of energy and natural
resources; and promotes the use of renewable resources [125]. The
green technology has a sizable fund, 1.5 billion RM in 2009–2010 for
promoting sustainable production and consumption pathways. A
producer company can get 50 million RM loan for a tenure of 15 years
and a user company can get 10 million RM loan for a tenure of 10
years. During the tenure period, no payment is needed, even if the
company makes a profit margin. On top of these, there is an interest
subsidy of 2% and 60% guarantee on the amount borrowed from the
Government. Flexibility can also be recognized by the way eligibility
criteria are set, 51% for the producer and 70% for the user Malaysia
based share-hold.

However, clear policies are not in place for mitigation of environ-
mental emissions. Majority of biomasses are disposed to local
streams, which cause severe pollution to the environment. As a result,

majority of biomasses have remained unutilized at present. In order
to develop a bioeconomy and a circular economy, environmental
emissions must be mitigated by recovering apparently pollutants as
resources from biomass, thereby remedying environmental impact
and closing the loop. Of particular interest is the SDG 12, “sustainable
consumption and production”, that recognizes the important role of
resource efficient technologies and there is a clear policy gap to turn
SDG 12 into practices.

6.2. RRfW integrated biorefinery systems

RRfW is a cross-cutting theme can be supported by the three
governing policies shown in Fig. 13. RRfW includes recovery of metal,
element, material, inorganic and organic from rejects from any sector,
industrial, agricultural, forestry, manufacturing, commercial, construc-
tion, transport and residential. MSW is an example of heterogeneous
mixture, which can give numerous resources that need to be conserved,
such as metals and elements as well as added value products, chemical,
materials, etc. [2,39]. Despite the sharp economic development in
Malaysia, solid waste management is relatively poor [126]. It is
projected that MSW production can reach 30,000 t by 2020 [127].
MSW constitutes of domestic (49%), industrial (24%), commercial
(16%), construction (9%) and miscellaneous (2%) by mass, respectively
[128]. Malaysia generated 5.5 MW of electricity from MSW in August
2009 and it is expected that, with the policies adopted by the
Government, the total installations will rise to 360 MW by 2022
[129,130]. However, source segregation strategies have to be enforced
to ensure that the non-combustible constituents exist in various
streams of MSW, post-combustion, do not end up as emissions to the
environment. Source segregation is necessary for clean technology and
processing for remedying environmental pollution, albeit at a higher
capital investment, which needs either subsidies or process integration
for unlocking the value of organic waste via added value bio-based
productions and a total site utility system design [39].

The main state-of-the-art MSW management strategies are recy-
cling, composting and incineration, before landfilling [131].
Mechanical biological treatment (MBT) is regarded as pretreatment
for valorization of MSW [39]. The state-of-the-art MBT is configured to
recover recyclables, metals and refuse derived fuel (RDF) from MSW.
MBT consists of mechanical unit operations: screening, magnetic
separator, Eddy current separator, manual, induction and automated
sorting, near infrared sensor, X-ray sensor, etc. Individual mechanical
unit operations needed for resource recovery from various streams of
urban waste are illustrated in [39]. In a desired advanced scenario:
MSW is first separated into recyclables and MSW free of recyclables;
the latter is further recovered into RDF, metal stream, chemical and AD
sections’ feedstocks [39]. Usually, source separated MSW consists of

Fig. 13. Policy and legal frameworks and actions by the Malaysian Government [124].
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the following streams diverted into various lines for recycling: paper
and cardboard packaging; glass; dense plastic and plastic films (con-
tainer, plastic packaging); wood, garden and food waste; textiles;
WEEE (waste electrical and electronic equipment). Other than these,
metals and unidentified wastes are present in these streams. Also, the
source segregation is not perfect; hence, MBT is essential for recycling
these materials back to value chains. To introduce source segregation
in Malaysia, collection trucks, caddies, and communication campaigns
have to be introduced, alongside budget commitment from the
Malaysian Government to support initial capital investment for creat-
ing a resource-efficient infrastructure.

In MBT, paper and cardboard packaging are separated after
conveying by air classifier fitted with a digital camera and a weighing
machine; the air flowrate is adjusted to separate paper and cardboard
packaging according to their images and weights, into two separate
compartments and bailed for transporting to milling sites.
Alternatively, paper and cardboard packaging may not need to be
separated, but can be used as mixed substrates in a pulping process for
recovering organic fraction for conversion into a chemical, e.g. levulinic
acid [39]. The latter option has been evaluated to demonstrate 1.5 fold
increase in profitability by an extraction of the chemical by only 5 wt%
of recycle free MSW [39].

The stream containing dense plastic and plastic films (container,
plastic packaging) after conveyance is separated by automated
sorting system employing various types of sensing systems into

three streams: Al cartons with HDPE (high density polyethylene)
(according to the numbering of plastic, it is numbered as 2), PET
(polyethylene terephthalate numbered as 1) and mixed plastic waste
(MPW numbered as 3–7). Magnetic and Eddy current separators are
used downstream to Al cartons with HDPE stream to first isolate
ferrous and non-ferrous streams and then to separate Al cans from
the non-ferrous stream. Other streams if manually or automatically
detected to be containing Al are also diverted to the Eddy current
separator. An ‘Eddy current’ occurs when a conductor is exposed to a
changing magnetic field. It is an electromagnetic way of dividing
ferrous and non-ferrous metals. This stream with low PVC (poly
vinyl chloride) can be further screened to remove traces of metals
and recover polymer in purer form to give rise to RDF. RDF is used
as an alternative to fossil fuel, specifically coal. It uses materials
which are not otherwise possible to recycle. To make RDF useful in
industrial incineration and energy generating plant, it is important
to ensure the quality of RDF, when it comes to heating values,
ingredients, and contaminants like metals, stones and chemicals.
Therefore, in some plants, induction sorting systems and x-ray
sorting systems are installed to detect and remove these components
[39]. In induction sorting, material is sent along a conveyor belt with
a series of sensors underneath. These sensors locate different types
of metal which are then separated by a system of fast air jets which
are linked to the sensors. X-rays can be used to distinguish between
different types of materials based on their density.

Fig. 14. Detailed mass and energy analyses of the levulinic acid production process [39]. Copyright© Elsevier 2016.
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Wood, garden and food wastes are the primary source of organics.
The mixed stream can be treated by steam explosion or supercritical
hot water extraction, called pulping process that separates the curb-
side-type recyclables from the lignocellulosic fraction of MSW. The
lignocellulosic fraction of MSW goes through a primary wash for ash
removal and cellular disruption for yield maximization combined with
a sterilization stage – fractionation of this lignocellulosic stream of
MSW is then carried out by the controlled acid hydrolysis process for
eventually producing levulinic acid in the chemical conversion section,
comprising hydrolysis in 2 wt% dilute H2SO4 catalyst producing
levulinic acid, furfural, formic acid, via C5/C6 sugar extraction, in plug
flow (210–230 °C, 25 bar, 12 s) and continuous stirred tank (195–
215 °C, 14 bar, 20 min) reactors; char separation and levulinic acid
extraction/purification by methyl isobutyl ketone solvent; acid /
solvent and by-product recovery. The by-product and pulping effluents
are anaerobically digested into biogas and bio-fertilizer [77]. Produced
biogas (6.4 MWh/t), RDF (5.4 MWh/t), char (4.5 MWh/t) are com-
busted, heat recovered into steam generation in boiler (efficiency:
80%); on-site heat/steam demand is met; balance of steam is expanded
into electricity in steam turbines (efficiency: 35%) [39]. A yield of
Levulinic acid by only 5 wt% of recycle free MSW gives 1.5 fold increase
in profitability and eliminates the need for subsidies such as gate fees
paid by local authority to waste treatment plant owner [39]. Fig. 14
gives detailed mass and energy analyses of the chemical section
producing levulinic acid and char [39].

For more advanced and intense valorization, emerging technologies
such as microbial electrosynthesis (MES) can be applied for further
recovery of organics from the effluent. The process is versatile in terms
of the ability to process mixed stillage streams, containing metals,
organics, inorganics, e.g. stillage streams from MBT, into the recovery
of metals, bioplastics, biofuel and biochemical [90,132].

An MBT integrated with chemical conversion plant, recently coined
as mechanical biological chemical treatment (MBCT), can unlock the
value of organics in wastes through the production of a high value
chemical, such as levulinic acid [39]. Its extraction as low as by 5 wt%
of MSW can increase the economic margin by 150% and eliminate the
need for gate fees that are paid from the Government or tax payers to
the waste treatment company for treating the waste [39]. Composting,
AD and incineration are unsustainable solution, due to public spend-
ing, environmental emissions due to lack of clean-up and RRfW
technologies and exploitation of process integration. Process integra-
tion and process engineering are vital for demonstrating the benefits of
core technologies at the right scale.

Levulinic acid is a platform or building block chemical is a
precursor to many added value products. Ethyl valerate, an ester
derived from levulinic acid, is a drop-in biofuel, which can be blended
up to 45% by volume [133] and have a demand as high as 22 million
barrel a day [105]. Derivatives of levulinic acid have applications as
pharmaceutical, specialty chemical, agricultural, solvent, platform
chemical and fuel additive products. Levulinic acid is one of few
molecules referred as ‘sleeping giants’ owing to their vast potentials
in the emerging bio-based economy due to their key positions in the
production of biomass-derived intermediates and transition from fossil
based economy to bio- renewable- based circular economy [39]. GF
Biochemicals to date is the main producer of levulinic acid at their
plant in Caserta, Italy [134]. Levulinic acid has emerged as a niche
platform chemical in production of pharmaceutical: δ-aminolevulinic
acid, specialty chemical: γ-valerolactone, agricultural: diphenolic acid,
platform chemical: pyrrolidones, succinic acid and fuel additive:
levulinate esters, 2-methyltetrahydrofuran with addressable petro-
chemical replacement potential of over 25 million tonne by 2020
[39,134].

Commercial bio-based butanol production also came a step closer
with Green Biologics beginning the retrofit of their Minnesota ethanol
plant for n-butanol and acetone production [135,136]. Butanol is a
drop-in fuel that can replace petrol. Existing bioethanol production

facilities can be easily retrofitted to produce biobutanol, which is a
much better quality fuel than bioethanol. Cellulosic biorefinery fol-
lowed from dilute acid / alkali hydrolysis or pretreatment of lignocel-
lulose is thus becoming a key to effectively replace petroleum refinery
and petrochemical industry [137].

Succinic acid is an important building block chemical with an
annual potential demand 140–400 kg tonne and main producer
companies: BioAmber along with Reverdia and Succinity [136].
Glycerol is an example of a precursor to succinic acid [2]. Glycerol is
a byproduct of biodiesel production via transesterification process
[53,54]. Glycerol is also produced in oleochemical industry during
soap production and synthetically from propene. The low, stable prices
of glycerol will allow emerging uses, including succinic acid.

6.3. Computer aided process engineering (CAPE) tools for sustainable
biorefinery system design

There are CAPE tools to enable design of resource efficient
biorefinery systems for developing an optimal proof of concept before
experimental investigation [138–143]. However, the incorporation of
safety and health aspects into CAPE is not strongly emphasised in
many design problems. Because of this, many chemical substances
available in the market may lead to unwanted accidents as well as
adverse health impacts following prolonged and repeated exposure. For
newer systems and systems utilizing wastes safety and health aspects
are vital at the preliminary conceptual design phase, because it is
possible to manipulate the designs at the early stage of R &D. At earlier
stage of process life cycle, there are higher degrees of freedom to make
any changes on the process – the associated costs as well are relatively
much lower. Therefore, the integration of safety and health aspects as
design criteria in the CAPE methods is of paramount importance. This
is to ensure that the synthesized product does not bring harm and
health-related hazards to the consumers. Many do not realize that few
fundamental decisions made at the early process development stage
will have major impact on the latter performance of the process,
especially those related to safety and health features of the process. A
CAPE framework has been developed not only to consider safety and
health aspects in process designs, but also to target physicochemical
properties of products and optimal process performances in terms of
highest economic profitability and least environmental footprint,
simultaneously [144,145]. The assessment of safety and health para-
meters is based on fundamental molecular properties that also
influence the product quality, functionality and process performance.

6.4. CCR and CDR for chemical and biofuel production

Earlier works have considered reuse of CO2 rich streams in
chemical reactions to produce syngas, hydrogen, formic acid, methane,
ethylene, methanol, dimethyl ether, urea, Fischer-Tropsch liquid,
succinic acid, etc. as well as materials, such as epoxides acetals and
orthoesters as important precursors to many polymers and carbonates
through mineralisation reactions for construction applications
[83,146–148]. CO2 as a reactant in Sabatier's reaction for methane
formation, in reactions to produce calcite and succinic acid and CO2

reuse for the growth of algae to produce biofuels, e.g. bioethanol and
biodiesel have been analyzed for techno-economic feasibility [2,83].
MES works on reverse principles of microbial fuel cell, which utilises
microbial decomposition of organic waste substrate to generate elec-
tricity [149]. In MES, renewable electricity is invested to make bio-
based products sourced from organic substrates decomposed by
microbes. Microbial oxidation of organic wastes, wastewaters, ligno-
cellulosic hydrolysates and organic streams from industrial systems as
anode substrates using biotic anode harvests electron, releases proton
and produces hydrogen, carbon dioxide, pyruvate, formate and fatty
acids, as species, which can be subjected to reduction reaction in
cathode for chemical, bioplastic and biofuel productions. In the
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cathode chamber, carbon dioxide in the form of carbonic acid is
reduced into products. The cathode can be biotic or abiotic. The
process is versatile in terms of the ability to process mixed stillage
streams, containing metals, organics, inorganics, e.g. wastewaters from
metal and mineral industries and hydrolysate streams from dilute
acid / alkali hydrolysis or pretreatment of lignocellulose, into the
recovery of metals, bioplastics, biofuel and biochemical [90,150].

For CDR reactions using MES, the relevant anode and cathode
reactions, their Gibbs free energies and the Gibbs free energy of
formations of the species participating in these reactions, along with
the calculations of the Gibbs free energies of reactions have been
considered [90]. 63 anodic and 72 cathodic reactions of metabolism
and 9 metabolic pathways have been collated for assessing technical
feasibility / thermodynamic spontaneity of resource recovery from
waste substrates and combinations of anodic and cathodic reactions
using MES. Some CDR occur in biocathode of MES are shown here:

HCO H H CH H O G+ +4 → +3 ∆ = −135. 6 kJr cathode
o

3
− +

2 4 2 ,
′

HCO H H CH COOH H O G2 +2 +4 → +4 ∆ = −64. 6 kJr cathode
o

3
− +

2 3 2 ,
′

HCO H H CH OH H O G+ +3 → +2 ∆ = −23 kJr cathode
o

3
− +

2 3 2 ,
′

HCO H H HCHO H O G+ +2 → +2 ∆ = 21. 8 kJr cathode
o

3
− +

2 2 ,
′

HCO H H HCOOH H O G+ + → + ∆ = 38. 5 kJr cathode
o

3
− +

2 2 ,
′

G∆ r cathode
o
,
′

is the Gibbs free energy for the cathode side reaction under
standard conditions (25 °C temperature and 1 atm pressure) and pH 7.

Recently, medium chain fatty acids such as caproate and caprylate
have been produced from acetate at a biocathode using mixed micro-
bial cultures (where Clostridium kluyveri was the predominant micro-
organism). The cathode reactions to caproate and butyrate are as
follows:

C H O H H Caproate C H O H O G3 +2 +4 → ( )+4 ∆ = −96. 6 kJr cathode
o

2 3 2
− +

2 6 11 2
−

2 ,
′

C H O H H Butyrate C H O H O G2 + +2 → ( )+2 ∆ = −48. 3 kJr cathode
o

2 3 2
− +

2 4 7 2
−

2 ,
′

These compounds are liquid at room temperature which makes the
product recovery relatively easy. Broadly, homoacetogenesis by
Clostridium thermoaceticum converting hydrogen and carbon dioxide
into acetate; succinate formation from glycerol by Actinobacillus
succinogenes; reverse β oxidation for chain elongation of ethanol and
acetate to n-butyrate; and ethanol and n-butyrate to n-caproate by
Clostridium kluyveri are proven cathode carboxylation reactions [90].
Their productions are also demand driven, i.e., there is a prominent
market for these molecules as drop-in fuels replacing petrol.

6.5. Integration between algae biorefinery, and ecosystem

A synergetic integration lies between algae based-biorefineries,
and wastewaters / renewable energy systems. Renewable resources
include, for example, wind and solar irradiation which can be used to
supply energy for algae production [2]. Algae cultivation within
photobioreactors (PBRs) or raceway ponds is used as part of the
treatment process of residential wastewater. The energy for the
paddle wheels in raceway ponds or the illumination lamps in PBRs
is provided by electricity generated by solar panels, and wind
turbines. The residual biomass after oil extraction is digested to
produce biogas. The biogas is used in a CHP plant to provide energy
for households. Nutrients, and water are recycled from the anaerobic
digestion plant while CO2 from biogas combustion in CHP plant is
used for algae growth. Water regeneration can be achieved by process
integration. The energy production from the residual algae biomass
via anaerobic digestion offers flexibility to cope with the intermittency
in renewable energy supply.

Algae are also a source of proteins, carbohydrates, nucleic acids,
and other important molecules such as vitamins, aminoacids, anti-
oxidants, and pigments. This is one of the key motivations in
considering integrated algae biorefineries as a waste management
strategy to fulfil the local / regional market demands. The polyge-
neration potential can be realized by symbiotic integration within and
between sites and the ecosystem thus forming a locally integrated
production system [19,151]. Algae biomass can be fractionated by
solvent or supercritical fluid extraction into high value added ex-
tractives, oil, protein, sugars, and substrate for anaerobic digestion.
The interesting feature is the possibility of capture of CO2 by algae
cultivation resulted from energy production or fermentation. There is
also recycle of nutrients, water, and energy by using anaerobic
digestion of biorefinery waste streams [2].

7. Sustainable production and consumption

Foods, especially meat and dairy products have the highest carbon
footprint. Food wastage must be avoided, from both environmental and
ethical considerations. Globally, about 1.3 billion tonnes of food valued
at RM4.4 trillion are lost or wasted yearly, causing a carbon footprint of
3.3 billion tonnes CO2 equivalent. Eliminating the food wastage thus
can slash the GWP by 13%. In Malaysia, 15,000 t of food are wasted
daily, including 3000 t still fit for consumption [152]. This amount is
equivalent to 1.5 million bags of 10 kg rice and enough to feed 7.5
million people daily [153]. At the current rate of consumption and
disposal pattern of food, global food production has to be increased by
at least 70% by 2050 [154]. Broadly, developing economies have been
suppliers of food and resource intensive developed economies have
been consumer of the same, or there is a net flow of resources from
developing to developed economies. To enable resource efficient
agriculture in order to feed the world population that is expected to
increase by 34% by 2050, an annual investment of $83 billion in
developing countries agriculture is needed from now through to 2050.
This needs a strong focus on policy for financing resource efficient
technologies for developing countries economy. Food wastage, its
environmental footprint and recommendation on good healthy lifestyle
by adopting to sustainable resourcing and consumption of food should
be part of the National Plan. Modern economies may see the food waste
as an opportunity of biorefining into added value products including
food and feed ingredients. However, any material transformation by
physical, mechanical, physicochemical, chemical and biochemical
process into another form of material causes energy and environmental
footprints. Thus, sustainable lifestyle must embark upon reduction and
elimination of food wastage, and SDG 3: “good health and wellbeing”.
Prevention is the best option for managing waste. Once this is fulfilled,
a biorefinery can be built upon non-consumable rejects from harvest-
ing, processing, distribution and consumption. As discussed earlier,
biorefinery must build upon the SDG 12: sustainable consumption and
production.

The transport sector has the highest GWP impact in Malaysia,
which can be slowed down by biofuel blending. As Malaysia's economy
is booming, and electric vehicle is not the main stream yet, biofuel R &
D needs support in the interim period to slow down GWP impact. The
recommended routes are CPO upgrading to produce drop-in biofuel
compliant with the RSPO standard, retrofitting existing fermentation to
obtain butanol, which has a higher efficiency than bioethanol and can
be used 100% in existing engine and CNG production by incorporation
of gas clean-up technology in existing AD system. Eventually, the focus
needs to be on RRfW, CDR and CCR integrated biorefineries for added
value resource extractions, until no more waste can be salvaged into
valuable resources. High resource efficiency technology R &D must be
done in close concert with fundamental process integration and CAPE
R&D to enable high tech resource efficient technology off the ground.

Palm plantation will remain as an important economic driver for
the development of poor and vulnerable populations, in spite of
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controversies around transboundary haze pollution from palm plana-
tion. The serious transboundary air pollution incident since 1997 due
to widespread burning of forest gave bad reputation of the palm oil
industries [155]. However, this criticism is rather delusive and wrong
because there are many other external contributing factor to this
problem e.g. logging, subsistence and semi subsistence cultivators,
etc. [156]. The oil palm plantations often rather restore previously
degraded land, implementation of which can be made under jurisdic-
tion of reclassification of some state forest reserves. This reclassifica-
tion allows a conversion of this forest reserve to more productive
plantations. Further to add to this debate, with the establishment of
various agencies at national and regional levels, the distinction of palm
oil industry has been attained and enhanced. In fact, the external
pressure from the European country to only allow the products from
sustainable palm oil industries assures that the palm oil cultivation and
supply chain are run in more organized, rigorous and sustainable
manners. Continuous technological development and research activ-
ities as well as better management of the plantation activities have been
found to be able to increase the average oil yield, which could
potentially reduce the needs of land to be cleared for new plantation
area for the oil palm.

Techno-economic and business modeling systems for monitoring
socio-economic growth of poor populations for ensuring money flow to
much needed populations are seen to be as important as the regulatory
framework for incentivizing bio-based product development, which is
usually driven by climate change mitigation goals. Studies have shown
acceptable payback of 3–6 years without the consideration of labor
costs. However, skillsets must be developed, employment opportunities
must be provided to boom economy for the low-income families. There
is a clear knowledge gap between engineers and scientists that can lead
to many unnecessary experimental efforts. Resolving this knowledge
gap by advancing cross-disciplinary knowledge and education in
biorefinery engineering will require continued support and commit-
ment from the Government.

A key proposition here is to decouple demand from waste genera-
tion via the circular economy principle of transforming what would
otherwise have been ‘waste’ into resources for reuse/redeployment. By
2020, the OECD estimates that the Europe could be generating 45%
more waste than in 1995. To reverse the trend, the European Union's
Sixth Environment Action Programme identifies waste prevention, and
management as one of the four top priorities. Its primary objective is to
decouple waste generation from economic activity, so that EU growth
will no longer lead to more, and more wastes.

RRfW, CDR and CCR technologies such as MES are in an important
stage of development between TRL 1–3; it is therefore timely to
strengthen indigenous R&D capability in the area, in Malaysia.
Better functional or quality product and faster marketability, sustain-
able production and consumption throughout life cycle, and least
production cost are the main drivers for bio-based products that can
be produced by biorefineries integrated with RRfW, CDR and CCR
technologies, R &D of which needs financing, e.g. via the National
Biotechnology Policy and Green Technology Policy. Technologies and
products have niche markets, for which support from the government
will be highly needed.

8. Conclusions

This paper discusses the status quo and perspectives of a whole
range of bioenergy and biorefinery technologies and systems relevant
for Malaysia and developing countries in creating a bio-based circular
economy and their roles in meeting SDGs. An effective stakeholders’
engagement approach has been adopted through a participatory work-
shop to organize the systems across the TRL. The technologies from
mature through developed to emerging include bioethanol / biodiesel /
AD, through syngas / bio-oil upgrading to biofuel to RRfW, CDR and
CCR integrated biorefinery systems, respectively. Techno-economics

and LCA based sustainability must be analyzed considering whole
system to make sure that the system / product is greener and
sustainable with respect to the state-of-the-art in triple bottom line
criteria, economic, social and environmental. This paper recommends
such indicators both quantitative and qualitative for relevant systems
for Malaysia.

Continuous improvement is imperative to achieve SDGs and also to
be at the forefront of R &D. Indigenous industries tend to target
products of low-risk and high demand (low hanging fruit), such as
bioenergy and biofuel, which primarily rely on policy and regulatory
incentives, while economic proposition is to produce chemical and
material, with niche market, still serving substantial human needs, in
conjunction with bioenergy and biofuel generation, replacing petro-
chemicals and petroleum. Better functional or quality product and
faster marketability, greener and sustainable production and consump-
tion, and least production cost are the main targets to tap into the
chemical market that can attract the Malaysian Government's invest-
ment. Co-production of bio-based products, food and pharmaceutical
ingredients, fine, specialty and platform chemicals, polymers, alongside
biofuel and bioenergy can achieve overall sustainability by the replace-
ment of fossil resources.

Oil palm will remain to be the main resource for socio-economic
and bioeconomy development in Malaysia. CPO as drop-in biofuel is
needed for poverty alleviation. It has been seen that oil palm grows in a
region of high poverty. Thus, palm oil for blending into petroleum
derived diesel should be seen as an opportunity for socio-economic
growth of world's high poverty regions. Utilization of this mid-term
option, along with other options, such as pyrolysis and upgrading to
drop-in biofuel and purification of biogas to serve as CNG can bring
livelihood and socio-economic welfare of poor populations. Better
safety and health regime must be promoted at the earliest design
phase. Explicit and intrinsic accounting of safety and health indicators
is recommended for the newer systems. Overall sustainability lies in
integrated biorefinery systems with RRfW such as MBCT, and MES,
CDR and CCR technologies for bio-based product generation.
Ultimately, source segregation is imperative for clean technology and
processing for remedying environmental pollution, albeit at a higher
capital investment, which needs process integration for unlocking the
value of organic waste via added value bio-based productions and a
total site utility system design. An example demonstrated recently, via
polygeneration in conjunction with recyclable, metal, levulinic acid and
bio-fertilizer recoveries. Wood, garden and non-consumable food
wastes are the primary sources of organics. The mixed stream can be
treated by steam explosion or supercritical hot water extraction, called
pulping process that separates the curbside-type recyclables from the
lignocellulosic fraction of MSW. The lignocellulosic fraction goes
through a primary wash for ash removal and cellular disruption for
yield maximization combined with a sterilization stage – fractionation
of this lignocellulosic stream is then carried out by the controlled acid
hydrolysis process for eventually producing levulinic acid in the
chemical conversion section; char separation and levulinic acid extrac-
tion/purification by methyl isobutyl ketone solvent; acid / solvent and
by-product recovery. The by-product and pulping effluents can be
anaerobically digested into biogas and bio-fertilizer. Produced biogas,
RDF, char can be combusted, heat recovered into steam generation in
boiler; on-site heat/steam demand is met; balance of steam is
expanded into electricity in steam turbines. A yield of levulinic acid
by only 5 wt% of biomass gives 1.5 fold increase in profitability that can
eliminate the need for subsidies such as gate fees paid by local
authority to waste processor, where relevant. The system is versatile
in terms of the ability to process mixed biomass into the recovery of
resources: metals, bioplastics, biofuel, biochemical and bioenergy.
Unsustainable practices include consumable food wastage, end-of-pipe
cleaning and linear economy that must be elimited by sustainable
biorefineries aimed at source segregation, process integration, product
longevity and circular economy.
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