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ENGINEERING ASPECTS OF HYDROGEN PRODUCTION FROM 
PHOTOSYNTHETIC BACTERIA 

ABSTRACT 
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Certain photosynthetic bacteria (PSB), for example, Rhodopseudomonas capsulata, 
evolve hydrogen when placed in an anaerobic environment with llght and a sult
able organic substrate. An engineering effort to use such bacteria for large
scale hydrogen p5oduction fro~ su~light is described in this paper. A system to 
produce 28,000 m /day (1 x 10 ft /day) of hydrogen has been designed on a con
ceptual level and includes hydrogen cleanup, substrate storage, and ~.vaste 
disposal. The most critical component in the design is the solar bacterial 
reactor. Several designs were developed and analyzed. A large covered pond 
concept appears most attractive. Cost estimates for the designs show favorable 
economics. 

KEYWORDS 

Solar; photosynthetic bacteria; hydrogen; solar hydrogen; Rhodopseudomonas 
capsulata; waste water cleanup. 

INTRODUCTION 

Numerous photosynthetic bacteria (PSB) have been observed.to evolve hydrogen and 
are ·descri'bed by Weaver, Lien, and Seibert (1980). A specific species being 
studied at SEIH by Wedv~r (1901), Rhodopseudomonils caps·ulata, is an especially 
prolific hydrogen producer. For optimal hydrogen product1on, the bacteria must 
be supplied with appropriate organic substrat~s and must be maintained in .anaer
obic conditions with controlled .temperatures. In these condi·tions the bacteria 
go into an alternate metabolic path in which hydrogen is a waste product. 
Hydrogen production has been demonstrated in the 1 aboratory with a 1 i ght -to
hydrogen conversion efficiency of 5%. The defi~ition of conversioR efficiency 
used her·e is the lower heating value (1.20 x 10 kJ/kg, 5.16 x 10 Btu/lb) of, 
the hydrogen produced divided by the incident light energy. The chemical energy 
content of the waste substrates is not considered in these calculations. 

The bacteria are capable ·of metabolizing a wide variety of substrates, but the 
highest hydrogen evolution rates are obtained with' organic acids. The effluents 
from several industries are potential sources of such organic compounds. Food 
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processing, pulp and paper, chemical, and plastics industries have been 
considered for possible application of the hydrogen-producing process. The 
bacteria are capable of removing nearly all soluble organics and heavy metals 
from the waste stream. Biological Oxygen Demand (BOD) of the waste stream can 
be reduced to very low levels (30-50 ppm). The resulting effluent is of 
tertiary quality and can be used directly as irrigation ~-Jater or returned to 
rivers or streams. PSB plants may benefit from significant economic credits by 
providing waste stream cleanup and avoiding the cost of treatment. 

Hydrogen production rates vary considerably with temperatures within a range of 
10° C-40° C. Above 40° C the current strain of Rhodopseudomonas capsu 1 at a will not 
survive; ·however, the bacteria will survive freezing. Maximum hydrogen produc
tion occurs between 32°C and 40°C. 

This paper describes how photosynthetic bacteria could be used for large-scale 
hydrogen production. A hydrogen production plant with a nominal capacity of 
28,000 m3;day (1 x 106 ft3/day) has been conceptually designed. A critical 
assumption in this design effort was a 5% conversion sunlight-to~hydrogcn 
conver5ion ~Fric'iency. rhe theoretical conversion efficiency of the bacteria is 
significantly higher than this, although this level hqs not -bP.Pn attained with 
sunlight. The 5% convers1on efficiency i~ .tho•.tght to rcprc::;Gnt a level Lltdt 
cuuld be atta1ned in the near term with a reasonable improvement in the 
biological system and with the temperature fluctuations expectect in a moderate 
climate. 

A second case '.vas also examined which used 10% as the assumed sunlight-to
hydrogen conversion efficiency. This represents a long-term research goal which 
11ight be achieved through further development of the bacterial system. For 
example, one approach might be to combine several species of bacteria which use 
different portions of the solar spectrum into one culture. Other improvements 
might be obtained by genetic engineering·;- Data are presented for both short-
and long-term cases. · 

SYSTEt4 DE SIGN 

The major plant design param)ters and assumptions are shown in Table 1. A plant 
with a capacity nf 28,000 m /day i::; con!ider'eu r·epreserrcatlVe of what is pos
sible from no-cost substrate snurr.es. An average daily insoldLion typ1cal of ~ 
sunny location such as the southwestern United States was used: 0.24 kW/rn 
(1800 Btu/ft2 day). 

The system design undertaken here covers the process from pretreated substrate 
derived from a waste stream to clean, compressed hydrogen. Substrate pretreat
ment depends on the nature of the waste stream. Possible necessary substrate 
pretreatment includes dilution, pH adjustment, and fermentation. Detailed study 
of the pretreatment requirements is beyond the scope of this project. 

A diagram of the system is shown in Fig. 1. Provisions are made for storing 
substrate to allow for fluctuations in supply and processing rate (due primarily 
to insolation variations). The substrate is converted to hydrogen and carbon 
dioxide in the solar bacterial reactor by the photosynthetic bacteria. ~esi
dence time in the reactor will vary from 1 to 30 days depending on reactor de
sign, insolation, and ambient temperature. The gas produced in the reactor is a 
mixture of water vapor, carbon dioxide, and hydrogen. It is pumped into a 
hydrogen purification system where the water and carbon dioxide are removed. 
The 99.99% pure hydrogen is then compressed to 1.4 x 104 kPa ( 2000 psi) for 
storage. 
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Table 1. Major Assumptions for Photosynthetic 
8acter1a Hydrogen Product1on Plant 

Parameter 

Plant capacity 

Conversion Efficiency 
{Sunlight to lower heating 
value of hydrogen) 

Insolation 

Co 11 ector Area 

Substrate Con cent ration 

Hater Processed 

Near Term 
Application 

50/ 
/0 

0.24 kW/m 2 

2.8 X 105 m2 

5 g/1 H20 

3.8 X 106 1/day 

Research Goals 

28,000 m3/day 

10%. 

0.24 kW/m 2 

1.4x 105 m2 

5 g/1. H20 

3.8 X 106 1/day 

After the bacteria have used the substrate, the res~lting water-bacteria mixture 
must be disposed of.· The lifetime of the bacteria is in excess of 30 days; 
therefore possibilities for recycling the bacteria were considered. However> 
existing separation techniques such as centrifuging are expensive. Since7 

. ' bacteria can easily be grown in the substrate by allowing air in, it was decided~ 
to use a portion of the ponds to grow bacteria rather than designing an e 1 abor-· 
ate bacterial separation system. With this strategy the bacteria are not 1 . 

recycled but are disposed of with the spent substrate. If the disposal system 
uses ·an infiltration pond, dead bacteria will be filtered from the water and can 
be periodically harvested and sold as fertilizer becaus·e they have a nitrogen 
content comparable to nitrate f~rtilize~s. · 

DESIGN REQUIREMENTS FOR THE SOLAR BACTERIAL REACTOR 

The design of the solar bacteri.al reactor is· the most critical element of the 
system design; by controlling the proces? temperature it has a major effect on 
the efficiency of the process. In addition, the reactor is the highest cost 
item. Several design requirements consid~red in this study ara listE?ct helow. 

Low Cost 

A value analysis ·of hydrogen production by photosynthetic bacteria indicated 
that the value of. the system (i.e., the price a commercial user would be willing 
to pay) is S10-S30/m2. Compare this with the current price of an uninstalled 
flat plate solar collector of S150/m2 The construction of a solar bacterial 
reactor must therefore be much simpler than a flat-plate collector. 

Temperature Control 

The temperature of the solar bacterial reactor must be maintained 1vithin a 
narrow range for optima 1 hydrogen production. Because the process is not very 
efficient. energy Gannet be expended to heat or cool the reactor. The design 
must therefore·allow the reactor to maintain a stable temperature. 
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Transparency 

The reactor must allow solar radiation to penetrate in the wavelengths required 
by the bacteria for photosynthesis. Tnis includes the visible spectrum and 
extends into the near-infrared region, 700-1000 nm. 

Hydrogen Co 11 ecti on 

Hydrogen and carbon dioxide are evolved as bubbles in the water-bacteria
substrate mixture. The reactor design must allow the gases to collect so that 
they can be withdrawn from the collector. 

Hydrogen Impermeability 

Hydrogen is a difficult gas to contain because of its low molecular weight and 
chemical properties. The reactor must be able to contain the hydrogen after it 
is produced. 

REACTOR DESIGNS 

Four reactor designs that could potentially meet the·above criteria \~ere anal
yzed. The primary criterion used to judge each of the designs was cost. The 
ability to controi temperature ·11as net estimated in t!'lis study but is currently 
being predicted with computer simulation. rne four designs are described below. 

Tupu 1 cH' Reactor 

The tubular reactor design, shown in Fig. 2, was intended to take advantage of 
the bacteria's ability to produce hydrogen at high pressures up to 4800 kPa 
(700 psia). The reactor is a series of parallel translucent or transparent 
tubes 0.3 m (1.0 ft) in diameter and 100 m (330 ft) long, suspended above a 
reflective limestone bed. The tubes are sloped to allow hydrogen collection in 
the high end. The entire surface of each tube works as a light aperture, 
including the bottom which only receives reflected light. Because of the large 

·surface-to-volume ratio of this design, draining the reactor at night and 
storing the substrate in an insulated tank would probably be required to 
minimiz~ heat loss. 

Insulated Olannel 

The covered channe 1 reactor design (Fig. 3) uses a moveab 1 e i nsu 1 a ted cover to 
maintain temperatu~e at night in the reactor during cold weather. A reflective 
surface is fixed to the underside of the cover to increase the light fl~x into 
the reactor during the winter when·sun ang~es are low. The cover is raised and 
lowered vJith a motor-operated, servo-controlled winch system. Figure 3 shows a 
glass glazing,' but a flexible polymer membrane that is impermeable to hydrogen 
might aiso be used. The distance between the reactors must be· large enough to 
prevent shading by the covers of adjacent reactors. The ground around the 
channels is insulated and takes advantage of the earth's temperature moderation. 

Uni nsul ated Channel 

The uninsulated channel, shown in Fig. 4, is a ·simpler variation of the 
1nsulated channel. The reactor is configured as a series of parallel channels 
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Fig. 2. Tubular reactor. 

2m wide, by 0.5 m deep, and 100m long (6.6 ft x 1.6 ft x 330ft) into which a 
flexible tube made of hydrogen-impermeable material is laid. The ground bet~veen 
the reactors is i nsu 1 ated to use the earth ali a therma 1 moderator, but this rnay 
not be sufficient to keep the reactor at a suitable temperature overnight in a 
harsh climate •. 

neep Pond Reactor 

This design is a large pond covered with a flexible, transparent material. As 
shown in Fig. 5, the pond is constructed by fermi ng earth berms and is 100 m by 
100 m and 2 m deep (330 ft x 330 ft x 6.6 ft). Cables are stretched across the 
surface of the pond to stabilize and reinforce the cover against wind. The void 
space under the cables also provides a space in which the hydrogen can 
accumulate. The depth of the pond provides a large thermal mass which helps 
stabilize temperatures. Similar ponds designed for the collection and 
conversion of solar thermal energy have temperature time constants on the order 
of one month. Uncertain in this design, however, are th~ biological reactions 
occurring in the dark portions of the reactor. 
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Fig. 3. Insulated ch~nn~l reactor (end view). 
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Fig. 4. Uninsulated ·channel reactor (end view). 
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Fig. 5. Deep pond r~actor. 

ECONOMIC ANALYSIS 

Each of the above reactor designs was analyzed for cost. A critical assumption 
used was the ava.ilability of a transparent, hydrogen-impermeable material at 
$4/m2. This assumption is based on discussions with material suppliers, 
although no material is known to be marketed today that can meet the design 
requirements. The development of such a material .may be crucial to the commer
cial production of hydrogen from phtotosynthetic bacteria. The results of the 
cost analysis are shown in Table 2. The most expensive reactor design is the 
insulated channel because of the moveable cover. The least expensive is the 
deep fond reactor, the cost of which is within the value criterion of $10-
$30/m • · . 

Tab 1 e 2. ~nstalled Costs of Four Reactor Designs 

Design Total .Cost, S/m2--

I 

Tubular 110 

Insulated Channel 256 

Uninsulated 01annel 39 

Deep Pond 21 

In addition to studying designs for the solar bacterial reactors, '"'e sized and 
casted the entire hydrogen production system. A three-day capacity for 
substrate storage was included in the analysis. Two stages of hydrogen 
compression and an Allied Chemical Corporation SELEXOL hydrngP.n purification 
system

3
were also included. ,!\n artist's concept of a plant with a capacity of 

2800 1il /day (100,000 ft 3 /day) is shown in Fig. 15. Capital and operating costs 
for the near-term plant are shown in Table 3 and in Table 4 for the high 
efficiency plant. A fixed charge rate from Edelstein (1980) of 0.25 was used to 
calculate the final· cost of hydrogen. Oata for the fixed charge rate 
calculation are shown in Table 5. 



Fig . 6. Artist's concept of PSB hydrogen plant. 

T a b 1 e 3 • Ne a r -Term P 1 ant Ca p i t a 1 and Ope r a t i n g Co s t s 

Solar Bacterial Reactor* 
Substrate Storage 
Efflu ent Treatment 
H2 Compression 
H2 Purification 
H2 Storage 
Land 

Cost nf Capital (0.25 fi xed charge rate) 

Annual Operation Cost 

First- Year Cost of Hydrogen 

*Based on deep pond reactor design. 

Capital, S O&M, $/year 

$5,961,000 $ 119,000 
302,000 6,000 

30,000 3,000 
400,000 166,000 
987,000 57,000 

50,000 
500,000 

$8,180,000 $ 401 ,000 

$2,045,000 

$2,446, 000 

$83.30 per Mt~th 

($ 24. 40 per 106 Bt u) 



Table 4. Research Goals Plant Capital and Operating Costs 

Solar Bacterial Reactor 

Substrate Storage 

Effluent Treatment 

H2 Compression 

H2 Purification 

H2 Storage 

Land 

Cost of Capital ( .25 fixed charge rate) 

Annual Operation Cost 

First Year Cost of Hydrogen 

Capital, S 

S2,980,ooo 

302,000 

30,000 

400,000 

987,000 

250,000 

54 ,949,000 

O&M, $/Year 

s 60, 000 

6,000 

3,000 

166,000 

51,000 

50,000 

$336,000 

$1,273,000 

51,573,000 

$53.60 per M\~th 

($15.70 per 106 Btu) 

Table 5. Investment Parameters 

Fixed Charge Rate 

Fixed Charge RdLe Assumpt1ons: 

Equity fract i on 
Required ratP of return 

on equity 
Ef f ect i ve tax rate 
Investment t ax credit 
Pl ant service l ife 
Pl ant t ax life 
Property t axes and i nsurance 

0.25 

1.0 
n. 21 

0. 48 
0 .25 

20 yr 
16 yr 

0. 02 



... The projected cost of hydrogen for the near-term plant at 583.30 per MW ... h 
($24.40 per million Btu) is not competitive with the cost of hydrogen produced· 
from natural gas or coal at today's prices. It· is, however, competitive with 
electrolytically. produced hydrogen. As fossil fuel becomes more scarce and more 
expensive, hydrogen produced from . phoiosynthetic bacteria may become 
competitive. The projected cost of hydrogen from the second,-long-term plant at 
$53.60/MW ... h ($15.70 per million Btu) is competitive with the current price for 
hydrogen from conventional sources. ~ 

The cost of hydrogen from the PSB plant is dependent on any cost involved in· 
purchasing ·the waste stream or credit obtained for cleaning up a waste stream 
that would otherwise be treated. This cost or credit varies widely according to 
industry type and plant location. Some industries, such as those involved in 
alcohol production, produce effluents that may have commercial value. The use 
of these waste streams for PSB hydrogen production would cause higher operation 
costs since the substrate would have to be purchased. On the other hand, many 
industries, such as chemical plants, produce effluents--that have no commercial 
·1alue. and must instead go through elaborate cleanup and disposal processes, 
sometimes costing a .dollar or more per liter. Since this is highly plant 
specific, waste stream cost or credit was not included in 'the cost anaiysis for 
the two cases, but was examined parametrically. The results are shown in Fig. 7 
for a range of cleanup credits (positive numbers) and waste stream cost~ 
(negative numbers). · 

CONCLUSIONS 

The production of hydrogen from photosynthetic bacteria appears technica1ly and 
economically feasible from an engineering viewpoint •. There are, hmvever, sig
nificant technical problems that must be addressed:· for example,. temperature 
control in the solar bacterial reactor, and the materials of the reactor. 

-0 

7ii 
0 

(.) 

· Waste System Cleanup Credit (S/kl) 

Fig. 7. Effect of waste stream cost or credit on cost of hydrogen. 
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