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Abstract

Exergy is defined as the maximum work obtainable while the system contacts with environment reversibly. Exergy analysis is a powerful approach for analysing both the quantity and the quality of energy. This concept identifies the system components with the highest thermodynamic inefficiency and the processes that cause them. 

Exergy analysis was applied to a novel process for biological production of hydrogen from biomass in a combined bioprocess employing thermophilic and phototrophic bacteria. The exergy content of the process streams is calculated using MS-Excel program. Calculation of exergy incorporates chemical exergy, physical exergy and exergy of mixing. Special attention is given to the calculation of chemical exergy of biomass- and sugar components involved in the process.
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1. Introduction

Since fossil fuels are estimated to last for only a few more decades at the current rate of consumption, a search for other sources of energy has become unavoidable. Hydrogen will be an important energy carrier in the future. At the moment hydrogen is almost completely produced from fossil fuels or from electrolysis of water. To make the future hydrogen economy fully sustainable, renewable resources have to be employed for hydrogen production. Besides biomass gasification, hydrogen from biomass can also be produced in a non-thermal way using bacteria. A promising way for the production of hydrogen from biomass in a non-thermal way seems to be a 2-stage bioprocess consisting of a thermophilic fermentation step to produce hydrogen, CO2 and intermediates followed by a photo-heterotrophic fermentation, in which all intermediates will be converted to further hydrogen and CO2.

Exergy analysis identifies the type, location and magnitude of thermal losses. Identification and quantification of these losses allows evaluation as well as improvement and optimisation of the hydrogen production process from the energetically point of view.

2. “Hyvolution”-process

The main aim of the Integrated Project “Hyvolution” is the development of a two-stage fermentation process for the economical production of hydrogen from biomass raw materials (Fig. 1). The process starts with the necessary pre-treatment of biomass to provide a suitable feedstock for thermophilic fermentation. In the first fermentation step thermophilic bacteria growing at temperatures of at least 70ºC produce hydrogen gas and organic acids as the main by-products. Depending on the fermentation pathway of the bacteria and built by-products different amounts of hydrogen per mole of sugar are yielded. Assuming that glucose is the substrate and acetic acid is the main by-product, the thermophilic fermentation can be represented by the following reaction:
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Produced acetic acid can be used as substrate for hydrogen production in a consecutive photo-fermentation step. Based on acetic acid as substrate the reaction can be written as:
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Through the combination of thermophilic fermentation with photo-fermentation, complete conversion of the substrate to hydrogen and carbon dioxide can be obtained, resulting in 75% conversion efficiency or 9 moles of hydrogen per mole of glucose [1-4]. To provide pure hydrogen, carbon dioxide has to be separated from produced gas.
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Figure 1: Scheme of "Hyvolution"-process

3. Calculation of exergy

The concept of exergy change, transfer and destruction can be used to develop an exergy balance similar to energy.

3.1. Exergy of conventional components

Exergy will be calculated as the sum of three components; chemical and physical exergy and the exergy change of mixing. The total exergy flow rate of a material stream at actual conditions can be obtained from Eq. (1):
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For real processes the exergy input always exceeds the exergy output. This unbalance is due to irreversibilities, also named exergy destruction and is represented by Eq. (2):
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Eq. (2 ) considers the exergy flow of all entering and leaving material streams, the sum of all thermal exergy and work interactions (
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 of the system [5]. The exergy output usually consists of the exergy of product and waste streams leaving the system. Exergy of waste streams represents exergy losses. Cornelissen [6] discusses three types of exergetic efficiency given in Eq. (3a-c). Simple exergetic efficiency expresses all exergy input as used exergy, and all exergy output as utilised exergy (Eq. (3a)). Rational efficiency, see Eq. (3b), is initially defined by Kotas [7]. This efficiency is given by the ratio of the desired exergy output to the exergy used. Other possibilities to represent the exergetic efficiency of a process are percent of exergy losses or the chemical exergetic efficiency, defined as the ratio between chemical exergy of product gas and biomass feed, presented in Eq. (3c) and Eq. (3d), respectively. 

[image: image9.wmf],1

h=

out

ex

in

Ex

Ex

, 
[image: image10.wmf],2

h=

pr

ex

in

Ex

Ex

, 
[image: image11.wmf],3

h=

ex

in

I

Ex

, 
[image: image12.wmf],

,4

,

h=

ChemGases

ex

ChemBiomasses

Ex

Ex

 
(3a-d)


[image: image13.wmf],

ChemGases

Ex

 is the exergy of gases produced and 
[image: image14.wmf],

ChemBiomass

Ex

 represents the exergy of biomass feeds consumed.

3.2. Exergy of biomass components

Chemical exergy of biomass can be estimated using lower heating values and data from elemental analysis [8, 9]:
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The factor 
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 is the ratio of the chemical exergy to the lower heating value (LHV) of the organic fraction of biomass and 
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 is the calorific value of sulphur. Higher heating values (HHV) of biomass can be accurately calculated by the correlation developed by Channiwala and Parikh [10]:
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Where XC, XH, XO, XN, XS and Xash are the mass fractions of elements and ash (all in wt%) of dry material following from elemental analysis and HHV the heating value in MJ/kg. LHV is obtained from HHV considering enthalpy of evaporation of water formed during combustion.

Table 1 shows data from elemental analysis [11], LHV, the ratio 
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 between the chemical exergy and LHV, and chemical exergy for selected biomasses, where Caldi and Rhodobacter (Rhodo-B) are bacteria used in the process. 

Table 1: Chemical exergies and heating values of different type of biomass

	Biomass
	Beta
	N
	C
	H
	O
	LHV (MJ/kg )
	HHV

(MJ/kg)
	Exchem 
(kJ/kg biomass)

	Starch
	1.15
	0
	6
	10
	5
	17.52
	17.68
	20122

	Glucose
	1.17
	0
	6
	12
	6
	14.23
	16.30
	16707

	Enzyme
	1.12
	0.2
	1
	1.8
	0.5
	24.97
	24.98
	28046

	Caldi
	1.12
	0.17
	1
	1.76
	0.53
	24.07
	24.07
	27049

	Rhodo-B
	1.11
	0.14
	1
	1.76
	0.38
	28.26
	28.26
	31299


4. Results of exergy analysis and discussion

An Excel program has been developed to calculate in a fast and systematic way the exergy of compounds and streams of “Hyvolution”-process. Exergy analysis of biological hydrogen production has been performed for starch based feedstock at two different concentration of glucose (10g/l and 50g/l) for a plant size of 50 kg/hr produced hydrogen. Gas-upgrading unit was not included to the analysis. Furthermore no recycle streams as well as measures towards heat-integration are considered yet. Stream data are provided using process simulation [12]. The calculation of necessary thermodynamic properties are based on integrated polynomial functions for the values of specific heat, entropy and enthalpy, using the same correlations like in the simulation tool, to be fully compatible with the calculation of mass- and energy-balance. Table 2 summarises flow rate, temperature, pressure, and exergy flow rate, calculated for the process flow-sheet given in Fig. 2. 
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Figure 2: Flow-sheet of  “Hyvolution” -process

Table 2: Flow rate, temperature and exergy flow rate of the main process streams (P = 1 bar)
	Process stream
	10g/l Glucose
	50g/l Glucose

	
	Flow

rate

(kg/hr)
	T

(°C)
	Total

exergy

flow rate

(MW)
	Flow

rate

(kg/hr)
	T

(°C)
	Total

exergy

flow rate

(MW)

	Biomass
	1562
	105.0
	4.240
	1562
	105.0
	4.240

	PRE-ENZ2
	3.9E-01
	20
	0.003
	3.9E-01
	20
	0.003

	TH-Water
	9061
	20
	0.260
	51668
	20
	1.488

	TH-Feed
	10841
	25.2
	4.146
	53448
	21.0
	4.747

	CO2Strip
	1579
	39.6
	0.195
	2318
	39.6
	0.286

	TH-Gasout
	1662
	15
	0.829
	1657
	15
	0.827

	TH-Residue
	10793
	70
	3.287
	54145
	70
	4.134

	TH-Cell
	577
	64.6
	0.371
	2708
	66.5
	0.408

	PH-Gasout
	150
	15
	0.952
	393
	15
	0.988

	PH-Cell
	388
	30
	1.034
	388
	30
	1.034

	PH-Residue
	74334
	30
	1.953
	74107
	30
	2.000

	PH-Water
	64656
	20
	0.912
	23451
	20
	0.331

	PH-Feed
	74872
	26.1
	3.848
	74888
	52.4
	4.033


[image: image1.wmf]6126222242

CHO2HO4H2CO2CHO

+®++


Figure 3: Exergy efficiencies of "Hyvolution"-process (without gas separation units) 

Fig. 3 compares the different exergy efficiencies (see also Eq. (3a-d)) for processes using glucose concentrations of 10 g/l and 50 g/l in the feed of the thermophilic fermenter. Simple exergetic efficiency and rational efficiency increase with increasing concentration of glucose, while the total exergy losses (internal and external) decrease. During the process, the exergy contained in the biomass is converted into chemical and physical exergy of the product gas. Part of the exergy of biomass is lost due to process irreversibilities. The resulting exergetic efficiency based on chemical exergy at standard conditions is 57.6%. Calculation is based on a chemical exergy of the biomass feed and final gas products of 2.74 MW and 1.58 MW respectively. The rational exergetic efficiency at standard conditions is 28% and 25% (without recycle streams and heat-integration) for 50g/l glucose and 10g/l glucose respectively, what is calculated as the ratio between the exergy of useful process output and the exergy of the process input including biomass and utilities (process-steam, etc.).

In order to optimise “Hyvolution”-process from the exergetic point of view and to reduce the waste exergy occurring in the process, produced biomass (bacteria) should be considered as useful product and recycled back into process. Furthermore emphasis should be given to use a high glucose concentration in the feed.

5. Summary and Outlook 

Exergy analysis was applied to a novel process for biological production of hydrogen. The exergy content of the process streams was calculated using MS-Excel program, incorporating chemical exergy, physical exergy and exergy of mixing with special attention to the calculation of chemical exergy of biomass- and sugar-components involved in the process. 

For “Hyvolution”-process an exergy loss of 8-15% of the total exergy input depending on the process parameters was found. The efficiency based on chemical exergy refers to 57%, while for overall exergetic efficiency at standard conditions is 28% and 25% calculated for 50g/l glucose and 10g/l glucose respectively. The exergetic efficiencies of “Hyvolution”-process (without recycle streams and heat integration) are comparable to the anaerobic digestion of biomass to H2 and biomass to biogas with 36% and 46% respectively [5].

The results of exergy analysis will be used to improve and optimise hydrogen production from the energetically point of view throughout the development of the process. To improve the accessibility of the exergy of the process streams, it is planned to implement the calculation of exergy in the used process simulation tool to provide the stream data. The calculation algorithm will also consider chemical exergy.
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 Calorific value of sulphur, kJ/kg

Ex
 Molar exergy, kJ/mol

EX 
 Exergy flow rate, kW

F
 Molar flow rate, mol/s

HHV
 Higher heating values of biomass, kJ/kg

I
 Irreversibility

LHV
 Lower heating values of biomass, kJ/kg

P
 Pressure, kPa

Q
 Molar heat, kJ/mol


T
 Temperature, °C

x 
 Mole fraction 

X
 Mass fraction 
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 Ratio of the chemical exergy to the LHV of the organic fraction of biomass
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 Exergy efficiency, exergy loss

Subscripts

chem
 Chemical part

mix
 Mixing part

phys
 Physical part

Q 
 Heat part

W
 Work part

ex
 Exergy

in
 Input

out
 Output

pr
 Product

waste
 Waste
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