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Executive Summary

Communities located in rural, arid areas face the challenge of finding local and
affordable energy supplies to operate water desalination equipment. A renewable
distributed energy source that has great potential for water desalination and has
yet to be explored is biomass: agricultural wastes, forestry residues, residential
yard waste, byproducts from biofuels production, etc. Pyrolysis, a process that
transforms biomass through heating under limited-oxygen conditions, can be used
to produce char, bio-oil or tar, and non-condensable gas products. The liquid and
gas products can be combusted to drive the pyrolysis process, and to provide heat
and power to a desalination process. The char product can be applied to soils as
biochar to improve soil quality and soil water holding capacity.

The first component of this proof-of-concept project was the theoretical design of
a biomass slow pyrolysis system that could be coupled through an interface to a
multiple effect distillation (MED) unit for the small-scale desalination of brackish
water. The process began with a review of the literature in the overlapping areas
of water desalination technologies and renewable energy sources. From the
literature review, a low-temperature, parallel feed MED was selected. An ASPEN
Plus® chemical engineering process modeling simulation was developed for the
interface (furnace, boiler, turbine and heat exchangers) to enable rapid
determination of unit operation size and flow stream properties for multiple
system size scales and operating conditions. This simulation was used to estimate
how much biomass would be needed to produce a given amount of distilled water.
The second component of the project was the production of biochar from locally-
available biomass residues and the measurement of those biochars effects on New
Mexico soils. Production of the biochars required the design and fabrication of a
lab-scale slow pyrolysis reactor system. Pecan shell, pecan orchard prunings,
cotton gin trash, and yard waste were used to produce biochars that were amended
to and incubated with two agricultural soils. After incubation, multiple soil quality
indicators and soil water desorption curves were measured to compare the
agricultural potential of amended and unamended soils.

Results indicated that, for an MED producing 1-2 m*/day of distilled water,
approximately 475-550 kg of dry biomass is needed per m® of produced distilled
water, yielding 160-190 kg of biochar. The pyrolysis-MED concept has potential
now as a value-added waste management system; water costs are currently too
high (~20-50 US$/m?) for the system to be feasible based on water production
alone. Amendment with biochar showed the potential to increase soil organic
matter and soil nutrients; biochar salinity is a concern, especially for the cotton
gin trash biochar. Biochar appeared to increase the available water capacity of the
sandy loam soil although more data is needed to demonstrate statistical
significance and evaluate the effect on irrigation management.

Outcomes of this project include four manuscripts to be published as peer-
reviewed journal articles, two graduate student theses, four conference
presentations, research capacity building in the Water-Energy Nexus for two
junior faculty, five follow-on grant proposals, and a process simulation that can be
used in future process design.
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1. Introduction

1.1 Motivation

Water for agricultural use has become expensive and difficult to obtain in New
Mexico and other southwestern states due primarily to an on-going drought. For
example, even though they pay approximately $70/acre/year to participate in the
Elephant Butte Irrigation District, many NM farmers spend an additional $150-
200/acre/year to pump water from their own wells to obtain enough water for
cotton or alfalfa crops. This well water can frequently be brackish and its use for
irrigation can result in the accumulation of salt in irrigated soils. Soil salinity can
result in lower crop yields due to plant salt stress. Treatment of soil salinity often
requires flushing the soil with fresh water to transport salts below the root zone.
Use of brackish well water to meet temporary water needs can lead to the need for
even more fresh water in the long term to maintain crop yield.

Desalination of brackish groundwater is one way to obtain fresh water for
irrigation from available water sources. However, desalination requires energy. In
rural locations, where many farms are located, electricity from a grid or electricity
generation using solid or liquid fuels is often unavailable or prohibitively
expensive at the necessary scale. Some desalination systems are designed to use
what farmers have available on or near their farms: sunlight, wind, and
geothermal energy. Such systems have been employed with some success,
although per unit costs remain high. One resource that farmers also have available
but that has not been much explored for desalination is biomass in the form of
agricultural residues and yard waste. The primary goal of this project is to explore
the feasibility of using biomass to provide the energy needed to desalinate water
at the farm scale in rural areas.

Many agricultural soils in New Mexico are characterized by very low organic
matter content and are often poorly positioned to withstand drought and erosion.
Thermochemical processing of biomass to produce heat energy for thermal
desalination would result in a co-product, biochar, which may help address this
soil quality problem. The potential of biochar to increase available soil water is
related to its highly porous nature which acts as a sponge and modifies the soil
texture. Improvements in soil water use efficiency, and thus, extensions of the
time between irrigation events, represent significant potential irrigation water
savings. Therefore, the secondary goal of this project is to measure biochar’s
ability to improve soil quality and soil water retention properties.

1.2 Proof-of-Concept Study
1.2.1 Project Objectives

The objectives of this project were to:
¢ Quantify the resources and conditions needed to enable biomass pyrolysis-
powered brackish water desalination.
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e Evaluate the potential for biomass pyrolysis-powered brackish water
desalination in the context of other desalination technologies.

e Develop the capacity to produce biochars and to conduct biochar-amended
soil quality and water use research.

e Evaluate the potential of biochars produced from local biomass resources
to improve local agricultural soils.

1.2.2 Project Tasks
The specific tasks undertaken in this project were:
1. Identify scale and configuration of pyrolyzer and desalination unit, including

mass and energy balances.

2. Design and prepare fabrication drawings for pyrolyzer-MED unit system
components.

3. Construct and perform shakedown trials on lab-scale pyrolyzer.

4. Produce biochars for soil water retention measurements.

5. Prepare and incubate biochar-amended soil samples for soil water retention
measurements.

6. Measure soil water potential curves for biochar-amended soils.

7. Prepare final report and proposals for additional external funding.

1.2.3 Project Deliverables
The deliverables of this project are:
a. Selection and sizing of pyrolyzer-desalination unit including mass and energy

balances.

Design for pyrolyzer-desalination unit system fabrication.

Characteristics of slow pyrolysis biochars produced on lab-scale pyrolyzer.
Results from biochar-amended soil incubation study.

Results and recommendations from biochar-amended soil water potential

°opo o

tests.
Final project report.
Proposals submitted to external funding agencies.

1.3 Organization of Report

This chapter is intended to provide context for the project and to summarize the
take-away messages from the project results.

The second chapter is the text of a review article manuscript prepared by the PhD
student on the project during his review of the relevant literature. The manuscript
expands on the justification for selection multiple effect distillation (MED) as the
desalination technology to be coupled with pyrolysis. The manuscript also
provides baseline data of water desalination production rates, water quality and

3
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costs. This text will serve as the literature review chapter of Mr. Ali Amiri’s PhD
dissertation.

The third chapter presents the results from the pyrolysis-MED interface design
process including an Apsen Plus® process simulation and calculations.
Assumptions needed for the design led to a reaction and process modeling
collaboration with Dr. Kyriacos Zygourakis at Rice University. The results have
been presented at two conferences and will be used to prepare an article
manuscript and a chapter of Mr. Amiri’s PhD dissertation.

The fourth chapter describes the construction and operation of a lab-scale
pyrolyzer used to produce biochars from locally available biomass resources. The
reactor design, testing, and biochar characterization served as half of the MS
thesis work of Mr. Yunhe Zhang, and have contributed to one conference
presentation and one article manuscript currently under review.

The fifth chapter presents the methods and results of a soil incubation study using
the produced biochars. The soil work is split into two components: general soil
fertility and quality, and soil water retention and physical properties. The soil
quality results were used in the biochar article currently under review. The soil
water retention results are being used to prepare another article manuscript for
submission in the near future. The soil water retention work was conducted
primarily by two undergraduate researchers, Mr. Brent Carrillo and Ms. Flavia
Mitsue Yamashita; continuation and expansion of the work will serve as the MS
thesis topic of a new graduate student.

The final chapter summarizes the outcomes from the project.

1.4 Conclusions and Recommendations

Low temperature multiple effect distillation (MED) is the most appropriate water
desalination technology to be coupled with biomass pyrolysis due to MED’s use
of low grade thermal energy, system simplicity, history of coupling with other
renewable energy sources at the small scale, and potential for low maintenance
operation from the prevention of scaling. Biomass residues contain sufficient
energy to provide the heat and power for small-scale water desalination although
predicted water costs are still too high for a biomass pyrolysis-MED system to be
feasible based on water production alone. Pyrolysis of local agricultural residues
produced acceptable yields of biochar with acceptable properties, although the
high ash content of the cotton gin trash biochar raises concerns about soil salinity
if biochar derived from that feedstock is to be used as a soil amendment.

Further development of biomass pyrolysis-MED systems should be pursued in
situations where biomass waste management is the primary objective and where
the on-site production of small amounts of high-purity water is needed; soil
quality and soil water effects of applied biochars may provide additional value to
the system and should be investigated. Design of biomass pyrolysis-MED

4
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prototypes should be based on scale and suitability of unit operations (especially
steam turbine generators), followed by the availability (amount, seasonality, cost)
of biomass in the near vicinity. More research is needed on the relationship
between biochar ash content and its effect on soil salinity and crop yields. In some
cases, the effects of increased salinity might be offset by changes in other soil
quality indicators; if biochar salinity is limiting, methods for quantifying that
limitation are needed. More research is needed to understand the impacts of
biochar amendments on soil’s available water capacity, especially for irrigated
cropping systems. Research efforts should strive to align instrumental/theoretical
measurements with crop-relevant impacts in the field.
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2. Energy Sources for Water Desalination
Literature Review

Abstract

Water desalination is an energy-intensive process needed in many parts of the
world to provide fresh water for drinking, agriculture, and industry. The energy
for desalination can come from conventional fossil fuels such as petroleum,
natural gas and coal, as well as renewable energy sources such as solar, wind,
hydro, and geothermal. One renewable energy source that is widely available but
currently unused for water desalination is biomass. In this review, we summarize
available water desalination technologies, energy requirements and costs, and
explore how scale and resource availability create trade-offs in technology
selection and design. From there, we present a case for the circumstances in
which biomass energy may be suitable for water desalination: small scale capacity
needs, infrastructure-poor or rural areas, lower-salinity (brackish) source water,
thermal desalination technologies, and an abundant, underutilized biomass supply.

2.1 Introduction

The need for high quality water is dramatically increasing due to rapid population
growth, higher per capita water consumption, greater industrial and power
generation water use, and expanding agricultural production. Freshwater
resources are not capable of meeting these needs as just 3% of earth’s water is
fresh water. As such, there is need for techniques to purify available but low-
quality water. Water desalination is a common technique for providing large
quantities of high quality, potable water worldwide. Approximately 50% of the
desalination plants are located in the Middle East, 20% in the US, 18% in Europe,
and 12% in Asia (Raluy, et al., 2005). The installed desalination capacity
throughout the world in 2000 was about 22 million m* of water per day, requiring
approximately 8.5 EJ of energy per year, which is equivalent to 203 million tons
of crude oil. Concerns about petroleum-based energy availability and
environmental impacts have motivated the exploration of alternative and
renewable energy sources for water desalination (Kalogirou, 2005).

In this review, we summarize desalination technologies and energy sources,
focusing on multiple effect distillation (MED) and renewable energy. From this
summary, we present an argument for the potential of biomass as an energy
source for water desalination through a pyrolysis-MED process.

2.2 Desalination

2.2.1 Water Quality and Technologies

Water quality is categorized as a function of total dissolved solids (TDS) in parts
per million (mg/L): freshwater contains 200 to 700 ppm, treated wastewater
contains 700 to 1,500 ppm, brackish water contains 2,000 to 10,000 ppm, and
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seawater contains 30,000 to 60,000 ppm. Approximately 58% and 23% of the
installed water desalination capacity worldwide are used for treating seawater and
brackish water, respectively (Eltawil, et al., 2009). In addition to dissolved salts,
waters can contain other impurities such as microorganisms, organic matter,
suspended solids, silica, etc. that can cause scaling, fouling, and corrosion in the
unit. For this reason, efficient pre-treatment and post-treatment techniques to
eliminate harmful impurities are often needed.

Depending on the TDS of the water, treatment costs, and infrastructure
availability, a variety of desalination techniques can be used; these techniques are
grouped into membrane/single-phase processes and thermal/phase-change
processes. There are also some new approaches for desalination. Some examples
are forward osmosis, ion concentration polarization, super-cavitation evaporation,
and capacitive deionization (Kalogirou, 2005, Likhachev and Li, 2013, Raluy, et
al., 2005, Semiat and Hasson, 2012).

2.2.2 Membrane Processes

The two main membrane desalination processes are electro dialysis (ED) and
reverse osmosis (RO). Both require electrical energy to drive the separation
process. In ED, anion-permeable and cation-permeable membranes, in
combination with a cathode and an anode, are used to draw salt ions outward from
a dilute feed steam into concentrated brine streams. The electrical power is used
to maintain a voltage across the anode and cathode. ED systems, which were
developed almost 10 years before RO, are usually used to treat brackish water,
and they are more efficient for higher concentrations of highly mobile, small ions.

In RO, which is responsible for more than 88% of the membrane process capacity
worldwide, hydraulic pressure is used to overcome osmotic pressure to force
water molecules through a semi-permeable membrane (pore sizes less than 10 A)
from a stream with low ion concentration to a stream with high ion concentration.
The osmotic pressure, «, is dependent on the TDS of the dilute and concentrated
streams:

@YCcRT
T
where y is the number of ions, ¢ is the osmotic coefficient, c is the difference in
salt concentration between the two streams on a mass basis, M is the salt’s
molecular weight, R is the gas constant, and T is the temperature in Kelvin
(Semiat and Hasson, 2012). For RO to work effectively, the hydraulic pressure
provided by a pump on the dilute stream side of the membrane must be
significantly higher than the osmotic pressure. RO is usually more cost-effective
for water with TDS values less than 5,000 ppm, while ED is more economical for
water with TDS values greater than 5,000 ppm (Al-Karaghouli and Kazmerski,
2013, Eltawil, et al., 2009).

For both ED and RO, membrane scaling and fouling can substantially affect
system performance. Water pre-treatments such as filtration, sterilization, and/or
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chemical additives can be used to prevent scaling and bio-fouling (Al-Karaghouli
and Kazmerski, 2013, Braun, et al., 2010). Compared to thermal desalination
systems, membrane processes usually have less risk of scaling and corrosion due
to membrane processes’ ambient or near-ambient operating temperatures (Eltawil,
et al., 2009). Post-treatment processes for membrane desalination systems can
include hydrogen sulfide removal and/or pH adjustment, depending on the final
intended water use. More detailed information on membrane desalination process
design and membrane scaling can be obtained in (Braun, et al., 2010, Elimelech
and Phillip, 2011).

2.2.3 Thermal Processes

There are three main types of thermal desalination processes: multi-stage flash
distillation (MSF), vapor compression distillation (VC), and multiple effect
distillation (MED). All three require low-temperature heat as the main energy
input and a small amount of electricity to drive pumps. Some advantages of
thermal desalination processes over membrane desalination processes are higher
quality product water, no membrane replacement costs, lower sensitivity to
changes in feed water quality, and less rigid monitoring requirements (Eltawil, et
al., 2009, Hanson, et al., 2004, Kalogirou, 1997).

2.2.3.1 Multi-Stage Flash Distillation (MSF)

MSF was first developed by Silver at Weir Co. in Glasgow, Scotland in 1960 and
is based on seawater evaporation using steam from an external heat source. For
many years, MSF has been the “easiest” technology for water desalination and
accounts for over 40% of desalination technologies worldwide (Al-Karaghouli
and Kazmerski, 2013, Likhachev and Li, 2013). The typical capacity for an MSF
process is large: 10,000 to 35,000 m*/day. In MSF, seawater is preheated using
heat exchangers up to 90-110°C before entering the first stage. Vacuum pumps
create a negative pressure difference near seawater’s saturation point in the first
stage, causing the seawater to partially flash. The flashed water vapor is
condensed by contact with the incoming seawater in the heat exchangers and
collected. The remaining concentrated seawater/brine enters the second stage,
which is operated at a lower pressure than the first stage. Again, the negative
pressure difference causes some of the seawater to flash off and be collected. This
process continues until the last stage, which has the lowest temperature and
pressure. Sometimes, demisters are used to remove entrained brine droplets from
the flashed vapor as these droplets can create salinity in the product water and
contribute to scale formation on condenser tubes. The vacuum system removes
produced non-condensable gases in order to keep the heat transfer coefficient as
high as possible within the stages. To prevent scaling, pre-treatments such as
adding acid or advanced scale inhibitors like polyphosphate can be used.

2.2.3.2 Vapor Compression (VC)
VC is very similar to MSF but only has one evaporation stage and can be run
under atmospheric or sub-atmospheric pressure. Hot, pressurized feed water
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enters the evaporation stage and flashes off, then is condensed and collected. The
remaining brine can then be recycled through the process by re-pressurizing it.
The VC pressurization can be done using mechanical vapor compression (MVC),
which requires additional electricity energy for the pump, or thermal vapor
compression (TVC), in which high-pressure steam is injected into the feed stream
(Al-Karaghouli and Kazmerski, 2013, Semiat and Hasson, 2012).

2.2.3.3 Multiple-Effect Distillation (MED)

MED, also known as multiple-effect boiling (Kalogirou, 2005), is the oldest
thermal desalination process and has a typical plant capacity of 600 to 300,000
m®/day. MED has been in competition with MSF technically and economically for
many years. At the end of 2011, MSF and MED units accounted for
approximately 26% and 8.2% of worldwide water production capacity,
respectively (2012). Two main advantages of MED over MSF are MED’s lower
energy consumption due to better heat transfer from the constant temperature
difference in MED effects, and the fewer number of effects needed in MED to
achieve a given performance ratio (mass of distillate produced per unit mass of
input steam) (Al-Karaghouli and Kazmerski, 2013, Kalogirou, 2005).

In the most common configuration of MED, steam from an external heat source is
fed into a tube in the first effect. Seawater or brackish water is sprayed onto the
steam-filled tube and part of the water flashes into steam. The newly produced
steam is then fed into the next effect as the heat source, after which it condenses
and is collected. As in MSF, temperature and pressure decrease from the first
effect to the last effect (Al-Shammiri and Safar, 1999, Semiat and Hasson, 2012,
Sen, et al., 2011).

An important design parameter for MED is the gain output ratio (GOR): the ratio
of distilled water to input steam flow rates. GOR represents the number of times
that the heat of evaporation is reused (Al-Karaghouli and Kazmerski, 2013, Joo
and Kwak, 2013, Likhachev and Li, 2013, Manenti, et al., 2013, Semiat, 2008);
GOR relates directly to energy efficiency. Yang et al. showed that GOR and water
production rate decrease with increasing feed water flow rate and increase with
increasing steam flow rate (Yang, et al., 2011). Zhao et al. observed that, although
increasing the feed steam temperature slightly decreased GOR, such a
temperature increase decreased the total heat transfer area needed—a result of a
greater temperature difference between adjacent evaporators (Zhao, et al., 2011).

Another important factor in MED design is the optimization of the number of
effects. This number is a function of the temperature difference between the feed
steam and the top brine temperature (TBT), as well as the minimum temperature
differential within an each evaporator (Ophir and Lokiec, 2005). Having more
effects results in more distilled water produced and a higher GOR, however, the
capital cost and per kg distilled water cost also increase. Other design factors
include TBT and heat transfer area within the effects. At higher TBTs, the number
of the effects increases and thus the GOR increases. Generally, an MED can be
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operated at either a high TBT (> 90°C) or a low TBT (55-90°C). Although the
heat transfer area and the water production costs for high TBTs are much less than
those for low TBTs, high TBTs dramatically increase the amount of corrosion and
scaling, as well as the energy consumption. For this reason, low TBT MED is
more widely used worldwide than high TBT MED (Miller, 2003, Ophir and
Gendel, 2006, Zhao, et al., 2011).

2.2.4 MED Design Considerations

2.2.4.1 Feed Arrangements

There are three main flow arrangements in MED unit design: forward feed,
backward feed, and parallel feed; each arrangement has its own advantages and
disadvantages. In the forward feed (FF) arrangement, which is the most common
configuration, feed water and steam move in a same direction. As shown in
Figure 2.1.a, the feed water and steam both enter the system in the first effect at
their highest temperature and pressure. One of the challenges for the FF
arrangement is that a large portion of the energy is required in first evaporator to
heat the feed water to its boiling point, meaning that the heat transfer surface area
in the first effect is much greater than in the other effects. Regenerative heat
exchanges between effects can solve this problem: steam exiting one effect
transfers a small amount of its energy to pre-heat the feed stream before moving
on to the next effect. Figure 2.1.b shows how such heat exchangers can be used to
heat feed water from an initial feed water temperature to a temperature much
closer to the boiling point before entering the first effect.

In the backward feed (BF) arrangement, the feed water enters the last effect where
the temperature and pressure are lowest. The steam enters the system in the first
effect, where it comes in contact with the highest salinity brine. The advantage of
this system is that high-salinity brine evaporation, which requires the most
energy, is done at the highest temperature. The disadvantages of this arrangement
are that the high temperatures, pressures, and salinities in the first effect can cause
more scaling and fouling, and the movement of feed water from low pressure to
high pressure requires additional pumping between effects. Part of the increase in
scaling and fouling is because the solubility of calcium salts decreases at higher
temperatures.

In the parallel feed (PF) arrangement, new feed water is injected at the top and
brine is collected from the bottom of each effect independently, while the heat
transfer fluid (feed steam and produced water vapor) still move from one effect to
another. In such an arrangement, the salinity within each effect reaches its
maximum value, meaning that the greatest amount of fresh water vapor had been
removed. Darwish et al. showed that the PF arrangement has larger GORs than FF
or BF for 2-6 effects, with the difference in GOR increasing with the number of
effects (Darwish and Abdulrahim, 2008).
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Figure 2.1. (a) Forward feed flow arrangement and (b) forward feed flow
arrangement with regenerative heat exchangers in a six effect, horizontal tube
water spray MED unit (Darwish and Abdulrahim, 2008).

In addition to the direction of the flow, the side of the heat exchanger (tube side or
shell side) in which each steam flows also impacts MED design. Flowing the
steam on the tube side and feed water on the shell side has some advantages: less
mist carry-over in the produced steam, easier scale removal/cleaning, and easier
turbulence generation inside the tubes, which improves heat transfer (Sen, et al.,
2011).

2.2.4.2 Scaling and Fouling in MED

Scaling decreases the overall heat transfer coefficient in heat exchangers because
of the low thermal conductivity of the scale material. In MED heat exchangers,
scale build-up on the outer surface of evaporating tubes increases the wall
temperature of the tubes, which, over a prolonged period of time, can lead to
crack formation in the tubes, in addition to lower overall MED energy efficiency
(Al-Anezi and Hilal, 2007, Al-Jaroudi, et al., 2010).

Scale formation within MED units is dependent on the concentrations of Ca*",
Mg?*, bicarbonate, and TDS in the water; operating temperature; water residence
time; fluid velocity; water pH; rate of COz release; and the roughness of the
evaporator construction materials (Al-Anezi and Hilal, 2007, Al-Jaroudi, et al.,
2010). There are different types of scale deposits including soft, hard, silica, and
organic. In research with a MED-VC unit, Al-Jaroudi, et al. observed a 14 mm-
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thick scale build-up comprised of soft CaCO3 and hard CaSOs, as well as a
significant proportion of organic matter (Al-Jaroudi, et al., 2010). There are three
ways to control build-up of CaSOs4 scale: decrease the MED operating
temperature, decrease the overall concentration factor (brine TDS/feed water
TDS) to keep the brine TDS concentration below the scaling threshold, and soften
the feed water by substituting a monovalent cation such as Na* for the Ca*".
Magnesium hydroxide is an alkaline scale component that is sometimes observed
in MSF or MED systems from high Mg?* ion concentrations in the water.
Polyphosphate may be used as a scale inhibitor if the unit’s operation temperature
is less than 90°C; hydrolysis of polyphosphate occurs at higher temperatures,
which leads to the formation of calcium phosphate. For this reason,
polyphosphate is rarely used for MED units. The presence of organic matter in
scale build-up may be due to marine life (bio-fouling) or from industrial
discharges of oil, grease, wax or paint materials. A hot alkaline treatment can
usually remove organic scale build-up. Similar to scale prevention in MSF, water
pre-treatments, a vacuum system, and a demister can also be used to avoid scaling
in MED. Even with several management techniques, there is still a chance of
scaling in MED units (Al-Jaroudi, et al., 2010).

2.2.4.3 Scaling and Non-Condensable Gases

Non-condensable gases such as CO2, Oz, and N2 are released during brine
evaporation within the effects or through ambient air leakage into the parts of the
unit operating under vacuum. The presence of these gases may cause alkaline
scale formation. For example, the combination of dissolved CO2 in the
condensate, which decreases the water pH to acidic conditions, with O2, may
cause corrosion in condenser tubes. De-aeration of the feed water in a titanium
tube condenser is a method to decrease the oxygen content within the feed water.
CO2, which dissociates in water to form HCO3and CO3?", is harder to manage.
The release rate of CO:z is highest in the first effect, and at higher water
temperatures and salinities (Al-Anezi and Hilal, 2007, Ophir and Gendel, 2006).
CaCOs scale deposition is also highest in the first effect and pH decreases from
the first effect to the last effect (Al-Rawajfeh, 2010). Even a low concentration of
non-condensable gases within the water can significantly decrease the overall heat
transfer coefficient over time, leading to a decrease in evaporator performance
(Al-Anezi and Hilal, 2007). For these reasons, an efficient venting system is
critical to control the release of non-condensable gases and prevent scaling,
fouling, poor heat transfer, and ultimately, increased energy consumption (Al-
Rawajfeh, et al., 2004).

2.2.4.4 Scaling and Tube Construction in MED

There are many different ways of arranging the water flow patterns and the steam
tubes within MED heat exchangers: water tube-side vs. steam tube-side, falling
water film vs. water spray vs. water immersion, horizontal tubes vs. vertical tubes,
smooth tubes vs. corrugated tubes, etc. Four common evaporator combinations
are: vertical steam tube-side, vertical water tube-side, horizontal steam tube-side
(see Figure 2.1), and horizontal water tube-side. Among them, horizontal steam

12



2011-2015 FINAL REPORT - COOPERATIVE AGREEMENT NO. R10AC80283 Page 379

tube-side with a falling film water flow has been found to be the most efficient
arrangement in terms of energy consumption, thermal characteristics, and
simplicity in construction. A tube falling film arrangement is preferred in industry
because it lowers the frequency of scaling and carry-over in the tubes due to
shorter contact time between the brine and the heat transfer surface, and lowers
the vapor velocity which increases the overall heat transfer coefficient, leading to
a higher MED system efficiency (Likhachev and Li, 2013, Ophir and Lokiec,
2005). Galal et al. showed that the amount of water that can be condensed on the
outer surface of corrugated tubes is 1.5 times greater than the amount that can be
condensed on smooth tubes. Also, the fouling thermal resistance of corrugated
tubes is nearly half that of smooth tubes, leading to higher long-term thermal
performance (Galal, et al., 2010).

For low TBT MED, aluminum is preferred over copper because more aluminum
tubes can be installed for the same investment costs, leading to more heat transfer
area and higher thermal efficiency per amount of produced water; for high TBT
MED, however, copper is preferred (Ophir and Lokiec, 2005). Zarkadas et al.
studied polymeric hollow fiber (PHF) heat exchangers made of polypropylene
(PP) and polyetheretherketone (PEEK), and found that they have the same or even
better thermal performance than metal heat exchangers (Zarkadas, et al., 2005).
Other advantages of PHF heat exchangers over metallic ones include smaller
volumes, significantly lower pressure drops, less weight, and better resistance to
corrosion. The disadvantage of most PHF heat exchangers is that they have a low
thermal conductivity (0.1-0.5 W/m-K); this disadvantage can be minimized by
using a very small wall thickness (Yan, et al., 2014). Christmann et al. [34] tested
a pilot-scale MED with falling film plate evaporators composed of PEEK with
wall thicknesses of 25 um and found that the thermal conduction resistance was
10 K/W, which is the same as that of stainless steel with a wall thickness of 1.5
mm (Christmann, et al., 2010). The low mechanical strength of polymers,
however, means that some stabilization measures must be taken if the walls are to
withstand pressure differences across the heat transfer surface (Christmann, et al.,
2010, Hetsroni and Mosyak, 1994, Zaheed and Jachuck, 2004).

2.2.5 Hybrid Desalination Systems

In hybrid desalination systems, a power generation unit is combined with both
thermal and membrane processes; such systems are more efficient and economical
than “dual-purpose” evaporation systems, where the power generation unit
provides both electrical and thermal energy required for desalination but only one
kind of process is used (Ophir and Lokiec, 2005, Uche, et al., 2001). For instance,
in RO-MSF, the water exiting the RO unit is fed into an MSF unit. This increases
the overall amount of very pure distilled water (since MSF can achieve a lower
exit TDS concentration than RO) and decreases the cost of a pre-treatment unit
(since the RO system removes most of the salts that would cause scaling problems
in the MSF system). An MED-RO or MSF-RO system is also viable, where pre-
heated seawater exiting the last effect of an MED or MSF distiller is fed into an
RO unit. In this case, a 1°C increase in seawater feed temperature boosts the water
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production rate in RO by 3% (Hamed, 2005). More information on hybrid
systems is available in (Cardona, et al., 2003, Hamed, 2005, Helal, et al., 2003,
Helal, et al., 2004, Manolakos, et al., 2001, Thu, et al., 2013).

2.3 Biomass as an Energy Source

Biomass is unique among renewable energy options in that it can be both a source
of energy and a source of materials. In this way, biomass is similar to petroleum
and coal. According to the US Department of Energy’s 2011 report, the total
annual energy consumption in the US is approximately 98 billion GJ, 4% of
which comes from biomass. The annual biomass production rate in the US is
approximately 214 million Mg: 129 million Mg as forest resources and 85 million
Mg as agricultural resources (Brown and Brown, 2014, Quaak, et al., 1999).
Compared to energy from petroleum or coal, energy from biomass has several
disadvantages: 1) lower bulk densities, 2) lower energy contents, 3) higher
moisture content (which can create both transportation and storage problems due
to weight and decomposition, respectively), and 4) greater heterogeneity (Zanzi,
2001). More information about the challenges and prospects of first and second
generation biofuel production from biomass is available in (Yousuf, 2012) and
(Naik, et al., 2010).

2.3.1 Biomass Types and Sources

Biomass used for energy usually comes from one of two categories: wastes or
dedicated energy crops. Wastes include yard waste, municipal solid waste
(MSW), agricultural residues (e.g. rice husks, grain straw, orchard prunings), food
waste, logging residues, and animal manure. The main advantage of waste
biomass is its relatively low cost; its main disadvantage is the large variation in
availability, composition, and characteristics from one season to another, and one
location to another (Garcia-Perez, et al., 2012).

Dedicated energy crops are plants specifically grown for energy production. They
include herbaceous crops such as switchgrass and miscanthus, short rotation
woody crops such as hybrid poplar, and oleaginous (lipid-rich) crops such as
oilseeds and yeasts. Energy crops are optimized for high rates of biomass
production and/or high yields of specific plant components, such as fatty acids in
oleaginous crops. While food crops (i.e. plant components that contain significant
amounts of digestible carbohydrates, proteins, and/or fats) can be used for energy,
a goal of dedicated energy crops is to not compete with food production or use
prime land resources. Among woody crops, hardwoods such as willow, polar,
mesquite, and alder, are preferred for most conversion techniques over softwoods
due to their lower lignin content. Softwoods, such as pine, are beneficial for
construction and thus make up a significant portion of logging and construction
residues; these residues are typically used as boiler fuels (Brown and Brown,
2014). In spite of their overall lower productivities compared to herbaceous or
woody energy crops, oleaginous crops are popular because they contain long-
chain hydrocarbons and relatively low amounts of oxygen, and thus resemble
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petroleum. For example, soybean and sunflower only produce about 450-1,600 L
of biodiesel per hectare compared to corn which can produce 5,800-8,700 L of
ethanol per hectare. The hydrocarbons in oleaginous crops include sterols, fatty
acids, di-glycerides, tri-glycerides, and waxes; these are frequently used to
produce liquid fuels to power engines and generators.

Garcia-Perez et al. provide a useful review of biomass resources, collection
methods, transportation considerations, and pretreatments such as drying and
grinding in (Garcia-Perez, et al., 2012).

2.3.2 Biomass Properties

The suitability of a particular type of biomass for energy production is dependent
on several of its properties including composition, heating value, density, and
production yield.

One method of characterizing biomass composition is proximate analysis, which
measures moisture, volatile matter, fixed carbon, and ash content by
thermogravimetric analysis (TGA). Moisture, defined as mass lost upon heating to
just above water’s boiling point, typically 105°C, represents weight that does not
contribute to energy value. Because weight basis can have such large implications
for transport, storage, and biomass conversion, it is important to specify whether
moisture content is reported on a wet or a dry basis (Quaak, et al., 1999). Dry
weight percent is most commonly used to avoid confusion from large variations in
moisture content from one sample to another and over time. Volatile matter is
typically defined as the portion of biomass that decomposes into the gas phase
under heating in an inert environment. This value is important for designing
biomass burners and other thermochemical processing unit operations, especially
in relation to the fraction that does not volatilize in an inert environment, i.e. the
fixed carbon. Samples with low volatile matter content do not ignite easily (this is
why lighter fluid is often needed to start a charcoal barbeque). Ash is composed
of the inorganic minerals contained in the plants and any soil contaminating the
biomass. Like moisture content, ash represents weight that does not contribute to
energy value. In proximate analysis, ash is defined as any material remaining after
the sample is combusted in air, usually at temperatures around 750°C.

Another method for characterizing biomass composition is elemental analysis
(CHN, CHNO or CHNSO) or ultimate (CHNSO plus Cl) analysis. C and H
generally contribute to energy content, while N, O, S, and CI generally detract
from energy content and can lead to emissions problems (Brown and Brown,
2014, Quaak, et al., 1999).

Biomass energy content is usually reported as higher heating value (HHV). HHV
is the enthalpy released when a fuel reacts with oxygen under isothermal
conditions; this measurement assumes the water vapor formed during the reaction
is not condensed at the end of the process. Lower heating value (LHV) may also
be reported. LHV is defined in the same way as HHV except LHV does not
include the latent heat of produced water condensation. HHV is measured directly
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by oxygen bomb calorimetry. It can also be estimated from correlations using
proximate, ultimate, or biochemical composition analyses (Annamalai, et al.,
1987, Channiwala and Parikh, 2002, Cordero, et al., 2001, Jiménez and Gonzalez,
1991, Kim, et al., 2014, Quaak, et al., 1999, Shajizadeh and Degroot, 1976, Sheng
and Azevedo, 2005, Tillman, 1978).

There are two important kinds of density for evaluating biomass as an energy
source: bulk density (kg/m?), and energy density or volumetric energy content
(GJ/m?). These two densities are related by HHV and are critical for biomass
handling and transportation logistics; the lower the energy density, the more
vehicle space is required to transport a given amount of energy. The bulk density
of herbaceous biomass typically ranges from 50-200 kg/m? while that of woody
biomass typically ranges from 200-500 kg/m>—well below the densities of fossil
fuels (~600-900 kg/m?). Table 2.1 shows bulk and energy densities for several
kinds of fuel. Cellulose is the only plant component with a consistent HHV (~18
MlJ/kg) due to its well-defined chemical structure. HHV for lignin varies over a
range of 23.3-25.6 MJ/kg (Sheng and Azevedo, 2005). In general, biomass that
contains more lignin has a higher energy density than biomass that is mostly
carbohydrates.

Table 2.1. Energy content and densities of different fuels (Brown and Brown,
2014, Erol, et al., 2010)

Fuel HHV Bulk Energy
(MJ/kg) Density Content
(kg/m?) (GJ/m>)
Diesel 46 850 39.1
Gasoline 48.24 740 35.7
Coal 18.33- 600-900 11-33
36.67
Hardwood 18.92- 280-480 5.3-9.1
18.95
Softwood 20 200-340 4-6.8
Agricultural residues 16-18 50-200 0.8-3.6
Nut shells 20.31 64 1.3
Animal manure 17.36 400 6.944
Municipal solid waste (MSW) | 19.87 -- --
Orchard prunings 19.05 -- --
Sunflower shells 17.86 64 1.143
Methanol 22.27 790 17.6
Ethanol 29.74 790 23.5
Biomass pyrolysis oil 8.28 1280.2 10.6

2.3.3 Biomass Densification

One pretreatment method used to overcome the challenges of biomass energy is
densification. Densification can increase the bulk and energy densities of biomass
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by as much as 10 fold. It can also improve particle size and shape homogeneity,
and particle durability, making biomass much easier to transport, store, and
handle. Densification can be performed with a variety of equipment including
pellet mills, screw extruders, briquette presses, cubers, roller presses, tablet
presses, etc.; the first three are the most common methods. Energy consumption
and end-product quality differ depending on the densification method. For
example, screw extrusion has the highest energy consumption since it shears and
mixes the material in addition to compressing it. A hardwood or softwood
feedstock with an 8% of moisture content, 2-6 mm particle size, and bulk density
of 200 kg/m? fed through a screw extruder can reach a bulk density of 1400 kg/m?
while its moisture content decreases to 4% (Shastri, et al., 2014, Thoreson, et al.,
2014, Tumuluru, et al., 2011). Densification end-product quality grades are often
determined based on particle size uniformity, durability index, heating value, and
moisture, ash, and chloride contents (2011). For some applications, quality
certification programs are available. In the case of wood pellets for residential and
commercial heating, the common standards are the ENplus quality scheme, the
CANDplus quality scheme, and the Pellet Fuels Institute (PFI) Standards Program,
in the E.U., Canada, and the U.S., respectively (Wiberg, 2014). Recent research
has focused on expanding the biomass densification market past wood pellets
made using pellet mills and standard operating parameters. Adapa et al. (Adapa
PK, et al., 2002, Adapa PK, et al., 2003), Ndiema et al. (Ndiema, et al., 2002), Li
and Liu (Li and Liu, 2000), and Mani et al. (Mani, et al., 2006) have studied the
pelletization of agricultural straw, the effects of die pressure (20-140 MPa) on
biomass relaxation characteristics, high pressure (34-138 MPa) densification of
wood residue, and compaction characteristics of lignocellulosic biomass using an
Instron Universal Testing Machine, respectively. Pretreatment processes such as
steam explosion, grinding, and torrefaction can be used to decrease densification
energy consumption and improve biomass binding. Sarkar et al. showed that the
bulk density of switchgrass could be increased from 138 kg/m® to 499 kg/m?
through densification alone, and up to 598 kg/m* when densification followed
torrefaction at 270°C (Sarkar, et al., 2014).

2.3.4 Extracting Energy from Biomass

Due to the exothermic characteristics of carbon-carbon and carbon-hydrogen
bond oxidation, lignocellulosic biomass may be burned directly as a solid fuel for
process heat, or converted to flammable gases and liquids for later use. There are
two broad conversion technology platforms: biological/biochemical and
thermochemical/catalytic. The biological/biochemical conversion platform
includes hydrolysis, fermentation, anaerobic digestion, and composting; this
platform will not be considered here. The thermochemical conversion platform
includes gasification, pyrolysis, and torrefaction, (as well as hydrothermal
liquefaction (HTL) and solvolysis, which are not considered here).

2.3.4.1 Combustion
Biomass direct combustion is the complete oxidation of biomass at moderate to
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high temperatures to produce hot flue gas and ash. The hot flue gas, mostly
carbon dioxide and steam, can be used for many applications such as drying and
space heating (low pressure), and power generation (high pressure). Combustion
furnaces can be direct-fired or indirect fired. In direct-fired furnaces, the fuel is
burned in the process steam or the process stream is in direct contact with the flue
gases. This contact makes it probable that the process steam will become
contaminated by combustion products (tars, ash, etc.) In indirect-fired furnaces,
the combustion products are somehow separated from the process stream, such as
with thermally conductive walls or with air-to-air heat exchangers.

Furnaces are often integrated with boilers for steam production. The two most
common boiler configurations are fire-tube boilers and water-tube boilers. Fire-
tube boilers, in which combustion gases are passed through tubes inside a water
vessel, are more suitable for gaseous or volatile liquid fuels. Water-tube boilers,
as the names implies, pass water through tubes held inside the fire; water-tube
boilers are more complex and are more suitable for solid fuels, such as biomass
(Brown and Brown, 2014). Solid fuel furnaces/water-tube boilers can be grouped
into grate-fired, suspension, and fluidized bed systems. Grate-fired system
combustion efficiency is barely more than 90% due to mass transfer limitations,
while the efficiency of the other two systems can exceed 99%. Suspension
burners are equipped with pulverizers to reduce the particle size of the fuels and
enable entrainment for efficient conversion; their wide-spread implementation,
however, has been hindered by their large NOx emissions caused by high
operating temperatures. Fluidized bed burners, due to their excellent mixing and
large heat transfer surface areas, can operate at lower temperatures (~850°C) and
thus limit their NOx emissions. Whole tree burners also exist and can decrease
wood harvesting and handling costs by eliminating the need for wood chipping
(Brown and Brown, 2014).

The biomass combustion reaction consists of four stages: 1) warming and drying,
2) pyrolysis, 3) flaming pyrolysis, and 4) char combustion. Oxygen is only needed
for the third and fourth stages. The warming and drying stage is endothermic and
results in the evolution of associated water. As the temperature increases past
200°C in the second stage, hemicellulose and lignin begin to decompose and
volatilize (i.e. pyrolyze). As the volatile gases from pyrolysis exit the biomass
particle, they come in contact with oxygen which can result in gas phase reactions
to form a flame, H20 and COz. Once the gas phase reactions (third stage) are
complete and oxygen can reach the surface of the biomass char remnants, solid-
gas oxidation (fourth stage) reactions take place. Depending on the availability of
oxygen and char temperature, the produced CO may be oxidized to form CO2
(Brown and Brown, 2014).

Further information about biomass combustion can be found in (Branca and
DiBlasi, 2003, Jenkins, et al., 1998, Zanzi, 2001).
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2.3.4.2 Gasification

Gasification is simply combustion at slightly lower temperatures (750-1500°C)
with less than the stoichiometric amount of oxygen, forming carbon monoxide
and hydrogen (synthesis gas or “syngas”) rather than carbon dioxide and water.
Gasification has been in use since 1812 in England, when conversion of coal to
gas was needed for illumination purposes (lamps fueled by “town gas”). Syngas is
flammable and includes small amounts of CO2, CHs, H2S, and NH3. If syngas
contains a significant amount of N2 from using air as the oxidant, it is called
producer gas. Syngas/producer gas can be used for thermal energy generation in
much the same way as natural gas, and as a material feedstock for making liquid
fuels and other chemicals. Biomass’ high volatile matter content (70-90%)
compared to many coals (30-40%), and the high reactivity of biomass char, make
biomass a suitable feedstock for gasification (Zanzi, et al., 2002). Two challenges
when designing biomass gasification reactors are how to treat incompletely-
reacted tars, and how to avoid sintering and other reactor damage from the ash
fraction (Quaak, et al., 1999). More information on biomass gasification, syngas
cleaning and conditioning, and follow-on reactions can be found in (Chen, et al.,
2003, Matsuoka, et al., 2008, Skoulou, et al., 2008, Timmer, 2008, Vigouroux,
2001).

2.3.4.3 Pyrolysis and Torrefaction

Pyrolysis is the heating and decomposition of biomass in the absence or severe
limitation of oxygen to create a distribution of different products. Pyrolysis can be
thought of as just the first two stages of combustion. Torrefaction is low
temperature pyrolysis (200-300°C) used as a pretreatment to remove water and
easily-degradable compounds while increasing biomass friability and energy
density (Park, et al., 2014, Zanzi, 2001). Pyrolysis can be categorized into slow
pyrolysis and fast pyrolysis where slow and fast refer to the heating rate
(~10°C/min in slow pyrolysis and >500 °C/s in fast pyrolysis) and relative
reaction time. Slow pyrolysis is the long-used technology for producing charcoal;
its operating conditions maximize solid yield (Zanzi, 2001). Fast pyrolysis uses
kinetic controls to optimize the liquid product yield. Both types of pyrolysis are
usually conducted at 400-600°C, although slow pyrolysis may be done at lower or
higher temperatures to adjust char properties. Biomass pyrolysis products include
all three phases: gases (mostly CO, H2, CO2, CH4, C2Ha, etc.), liquids (bio-oil/tar
and water), and solids (biochar and/or ash). The distribution of products changes
depending on the biomass used and the operating conditions; a decrease in bio-oil
yield results in an increase in biochar and gas yields, and vice versa.

Non-condensable pyrolysis gases can be the product of primary biomass
decomposition, as well as the product of secondary tar cracking and char
gasification. Gas production is typically favored by higher temperatures, longer
reaction times, and smaller particle sizes (Zanzi, 2001). Although pyrolysis gas
has a low heating value, it is still suitable for thermal energy production and
power generation (Chen, et al., 2003, Park, et al., 2014). In a characterization
study of pyrolysis gas, Brown et al. showed that carbon monoxide, carbon
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dioxide, nitrogen, and methane contributed the highest concentrations,
respectively (Brown, et al., 2011). Besides these gases, oxygen and traces of
ethylene, ethane, propylene, and C4 gases were also observed. The heating value
increased from 8 to 15 MJ/kg as the pyrolysis temperature increased from 525 to
650 °C, with carbon monoxide and methane providing nearly 80% of the gas
heating value (Brown, et al., 2011). For rice straw pyrolysis, Park et al. also
found an increase in gas heating value with temperature: from 4.1-11.4 MJ/kg
over 300-700°C, respectively (Park, et al., 2014).

Biochar is the carbon-rich solid product of pyrolysis that can be used as a solid
fuel, a feedstock for activated carbon adsorbent production, and as a soil
amendment to improve soil fertility and sequester carbon (Brown, et al., 2011).
Yields of biochar are usually 15-20% for fast pyrolysis and 20-50% for slow
pyrolysis on a dry biomass weight basis. Lignin content in biomass typically
favors char formation reactions resulting in higher char yields (Brown, et al.,
2011, Lee, et al., 2010, Lee, et al., 2013). For a temperature range of 450-500°C,
slow pyrolysis produces about 0.26 kg of char per kg of biomass, with
approximately 45% of the biomass carbon being retained in the char (Shabangu,
et al., 2014). Biochars usually have HHVs similar to those of coals (13-23
MlJ/kg), where slow pyrolysis and woody feedstocks favor higher HHVs
compared to fast pyrolysis or gasification and herbaceous feedstocks (Brewer, et
al., 2009).

2.4. Energy and Water Desalination

2.4.1 Energy Requirements for Desalination

Water desalination plants use about 4-20 kWh/m? (14-72 MJ/m?) of electrical
energy equivalent to produce fresh water; if thermal energy has to be converted to
produce electrical energy (at ~30% efficiency), this value would be approximately
46-240 MJ/m? (Al-Karaghouli and Kazmerski, 2013). Desalination unit energy
consumption contributes about 60% of water production costs (Al-Karaghouli and
Kazmerski, 2013). For an energy optimized desalination system, Semiathas
showed that the energy costs can be decreased to 30-44% of total water
production costs (Semiat, 2008).

The amount of energy needed for water desalination is dependent on many factors
such as the form of energy (electrical, thermal, etc.), plant capacity, plant design
configuration, and feed water TDS. The energy needed for MED and MSF
processes is generally much higher than that required for RO because of the water
evaporation step in MED and MSF, and significant improvements in RO
technology that have lowered its power consumption (Fiorenza, et al., 2003,
Kalogirou, 2005). Thermal desalination technologies, however, are capable of
decreasing the TDS to less than 10 ppm while RO technologies can reduce the
TDS to 10 ppm to 500 ppm, depending on the membranes used. The TDS limits
for drinking water are typically 400 to S00ppm—much higher than that of water
produced in MED and well within the range for RO (Al-Karaghouli and
Kazmerski, 2013). For drinking water, therefore, some untreated feed water can
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be added to the desalinated water to moderate the TDS concentration and make
MED water more cost-effective (Sen, et al., 2013).

Water desalination plant capacities, energy requirements, and produced water
costs for small-scale plants are shown in Table 2.2. As expected, energy and cost
requirements for small-scale plants are much higher than those for large-scale
plants. All of the energy requirement values assume that chemical energy from
biomass is converted to thermal energy and that thermal energy is converted to
needed electrical energy at an efficiency of 30% to account for thermodynamics.
For example, if 1 kWh/m? (3.6 MJ/m?) of electrical energy was described in the
original reference, the table will list 12 MJ/m? of thermal energy.

2.4.1.1 Energy Consumption in RO

A typical RO unit, with an energy recovery system and a plant capacity of up to
128,000 m*/day for seawater and 98,000 m>*/day for brackish water, consumes
14.4-21.6 MJ/m> (4-6 kWh/m®) and 5.4-9 MJ/m® of electrical energy, respectively.
This difference in energy requirements is the main cost difference between
treating seawater and brackish water by RO (Semiat and Hasson, 2012). High
TDS concentrations result in more energy consumption at a rate of approximately
3.6 MJ/m? (1 kWh/m?) per 10,000 ppm (Garcia-Perez, et al., 2012).

2.4.1.2 Energy Consumption in MSF

The factors that affect energy consumption in MSF systems are temperature of the
heat sink, number and geometry of the stages, feed water TDS concentration, unit
construction materials, and heat exchanger configuration. Increasing the GOR, the
number of stages, and the heat transfer surface area are all ways to lower energy
consumption (Al-Karaghouli and Kazmerski, 2013, Elimelech and Phillip, 2011,
Miller, 2003, Semiat, 2008). From design information provided by commercial
manufacturers, a typical MSF, with a production rate of 50,000-70,000 m*/day
and a GOR of 8-12, consumes between 190 MJ/m? and 282 MJ/m?> of thermal
energy, and 13.5 MJ/m? (3.75 kWhe/m?) of electrical energy (Al-Karaghouli and
Kazmerski, 2013, Semiat, 2008).

2.4.1.3 Energy Consumption in MED

Similar to MSF, MED needs thermal energy for water evaporation and electrical
energy to power pumps. A typical MED unit, with a production rate of 5,000-
15,000 m*/day, a top brine temperature (TBT) of 64-70°C, and a GOR of 10-16,
requires 145-230 MJ/m? of thermal energy and 8.1 MJ/m? (2.25 kWh/m?) of
electrical energy. The energy consumption for both MSF and MED could be
decreased significantly if they used cogeneration power plants, where waste steam
from the power turbine exhaust provides the initial thermal energy (Al-Karaghouli
and Kazmerski, 2013, Semiat, 2008).

2.4.1.4 Energy Consumption in VC

Mechanical vapor compression (MVC) only requires electrical energy. A MVC
unit, with a production rate of 100-3,000 m*/day and a TBT of 74°C, requires
25.2-43.2 MJ/m? (7-12 kWh/m®). A thermal vapor compression (TVC) unit, with
a production rate of 10,000-30,000 m?/day, a GOR of 12, and a TBT of 63-70°C,
requires 227.3 MJ/m? of thermal energy and 5.7-6.48 MJ/m> (1.6-1.8 kWh/m?) of
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electrical energy (Al-Karaghouli and Kazmerski, 2013, Semiat, 2008).

Table 2.2. Water desalination plant capacities, thermal energy requirements
(assuming a 30% efficiency for conversion of thermal energy to electrical energy
if electricity is required), and water production costs for small-scale (<100
m?/day) conventional and renewable energy source-desalination technologies.

Method Size Water Energy Cost Ref.
(m*/day) (MJ/m?) (US$/m?)
Electrical Thermal
. Al-Karaghouli
Conventional MED | _ Seawater | - - 2080 | nd Kazmerski,
(single-purpose) 2013)
Diesel MED 4 Brackish - 1,110 26.50 (Sen, et al., 2011)
Conventional RO | 20-1,200 | Brackish | - - 0.78-1.33 ggf‘;:tg;:“;gogd
. Passive (Al-Karaghoul.i
Solar Still <100 - 0 solar 1.3-6.5 and Kazmerski,
2013)
Solar Multiple (Al-Karaghouli
Effect 1-100 - 18 355 2.6-6.5 and Kazmerski,
Humidification 2013)
. (Al-Karaghouli, et
Solar MED 1 Brackish - - 25.3 al., 2009)
Solar MED 7 Seawater | - ; 3.6-4.35 g‘f:l'zlf)%r;‘)gh"“h’ ct
Al-Karaghouli
Solar Membrane 1 1519 | _ 0 540-708 | 10.5-19.5 gnd Kazmerski
Distillation
2013)
11.7- (Al-Karaghouli
Solar PV RO <100 Seawater 48-72 0 ’ and Kazmerski,
15.36
2013)
(Al-Karaghouli
Solar PV RO <100 Brackish 18-48 0 6.5-9.1 and Kazmerski,
2013)
(Al-Karaghouli
Solar PV ED <100 - 18-48 0 10.4-11.7 | and Kazmerski,
2013)
Wind RO 19 Scawater | - ; 4.4-73 g‘ﬁ}'zlé%rga)ghoul" ot
Wind RO 12 Seawater - - 2.6 gﬁl-zlée(l)rga)ghouh, ot
(Al-Karaghouli
Wind MVC <100 - 84-144 0 5.2-7.8 and Kazmerski,
2013)
(Al-Karaghouli
Geothermal MED 80 - 24-36 149-289 | 2.0-2.80 and Kazmerski,
2013)

2.4.2 Fossil Fuel Energy and Water Desalination
Conventional water desalination technologies, especially those with the highest
capacities in the Middle East, are powered by fossil fuels such as coal, crude oil,
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and natural gas. Concerns about future availability, greenhouse gas emissions, and
environmental impacts of fossil fuels has helped focus future water desalination
technologies (and power generation in general) towards energy efficiency and
renewable energy (Nisan and Benzarti, 2008).

Nisan et al. showed that, at present coal prices, the integration of RO or MED
water desalination systems with circulating fluidized bed, coal-fired power plants
would result in the lowest power and desalination costs, while oil-fired power
production would result in the highest desalination costs. From an environmental
impact analysis perspective, RO with a combined cycle gas turbine power plant
had the lowest emissions of NOx, SOx, CO2, and particulates, while MSF with a
coal-fired power plant had the highest emissions (Nisan and Benzarti, 2008).
Methnani has shown that RO water desalination, coupled with any type of fossil
fuel, would have lower costs than MED due to the lower energy requirements for
RO. This difference in costs, however, is generally negligible except when
treating very high salinity water (Methnani, 2007). The use of pulverized coal
rather than lump coal in power plants results in higher efficiency for the boiler
(and the whole desalination system) since more of the furnace volume is used and
the coal is more completely combusted (Tian, et al., 2005).

2.4.3. Renewable Energy and Water Desalination

The integration of renewable energy with desalination is especially suitable for
remote areas and areas lacking connection to electrical energy grid infrastructure;
in some cases, solar is the only feasible option due to distance from other
resources (Al-Karaghouli, et al., 2009, Tzen, 2005). The most popular renewable
energy sources for water desalination units have been solar photovoltaic (PV),
solar thermal, wind, and geothermal, and hybrids of these options. Factors to
consider when pairing renewable energy and desalination technologies include
type, amount, and cost of energy available, site topography and geographical
conditions, plant size, feed water salinity, capital costs, treatment requirements,
and local infrastructure. 13% of renewable energy powered desalination systems
worldwide are solar-MED, while 6% are solar-MSF. Eltawil et al. provide a very
useful table of combinations of renewable energy sources and water desalination
methods in (Eltawil, et al., 2009).

2.4.3.1 Solar Energy and Water Desalination

Solar energy may be used for water desalination unit indirectly, such as by
connecting a solar collector to a desalination system, or directly, such as within a
solar still where collection and desalination occur in a single unit.

Both MED and MSF can be used with solar collectors providing steam. The first
method is direct steam generation (DSG), which uses parabolic trough collectors
and fresh water, brine, or seawater as the heat transfer fluid (Garcia-Rodriguez
and Gomez-Camacho, 2001). In a solar DSG-MED system, the solar collector
plays the role of the first effect: feed water, pre-heated in the MED, enters the
solar collector and is partially evaporated by solar energy. The steam generated in
the collector is then used as the heat source in the second effect. In such a system,
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the initial steam is generated from the feed water/brine rather than fresh water
(Garcia-Rodriguez and Goémez-Camacho, 1999); however, fresh water may also
be used for steam production (Garcia-Rodriguez, et al., 1999). The second method
for steam production in solar-MED systems also uses parabolic trough collectors
but uses oil to transfer heat to the first effect. The third method for steam
production is flashing pressurized water in a flash drum after it has been heated in
the solar collector. Depending on climate conditions, any of these three methods
may be used to enhance fresh water production (Garcia-Rodriguez and Goémez-
Camacho, 2001, Garcia-Rodriguez, et al., 2002, Kalogirou, 2005, Qiblawey and
Banat, 2008).

For direct solar water desalination, a conventional solar still uses a blackened
bottom surface to absorb solar energy and the green-house effect to evaporate
salty water within a V-shaped glass envelope. Solar still efficiency, the ratio of
energy utilized in water evaporation to the solar energy incident on the glass
cover, has a maximum value of approximately 35%. For more information on
solar stills, see (Daniels, 1974, Eibling, et al., 1971, Kalogirou, 2014, Kalogirou,
2005).

Raluy et al. observed that for MSF units integrated with solar thermal energy,
63% of airborne emissions, including CO2, NOx, SOx, and non-methane volatile
organic compounds, decreased compared to MSF units using conventional fossil
fuel boilers. The use of solar energy, however, requires special raw materials for
cell and panel production compared to other renewable energies and, therefore,
has more environmental impacts. Also, solar energy is available just part of the
day (about 25% of the time) and thus, the cost of water produced through solar
desalination is higher than that of water produced through conventional energy-
powered desalination (Raluy, et al., 2005).

2.4.3.2 Hydroelectric Energy and Water Desalination

Hydropower is generated from the gravitational potential energy stored in water
by damming rivers. Low-temperature waste heat from a hydropower turbine can
be used as the thermal energy source for MSF and MED. Hydro-MSF has been
shown to be the most effective combination in terms of reducing airborne
emissions (79% decrease) compared to fossil fuel-MSF; the results were similar
(71% emissions decrease) for hydro-MED (Akash and Mohsen, 1998, Murakami,
1994, Raluy, et al., 2005).

2.4.3.3 Wind Energy and Water Desalination

Wind, the result of atmospheric pressure differences caused by solar energy, is a
suitable energy source for powering desalination units, especially for remote areas
with high wind speeds such as islands (Kalogirou, 2005, Kiranoudis, et al., 1997).
Because of weather-related wind speed fluctuations, efficient back-up power
systems such as diesel generators, batteries, or flywheels are needed to stabilize
the energy production rates (Tzen and Morris, 2003, Tzen, et al., 1998). One
significant advantage of wind energy is its low cost compared to other renewable
technologies. Wind is locally available and does not require much water
transportation from treatment location to end user. Wind turbines can be coupled
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with several desalination technologies, though they have mostly been used with
RO systems. The amount of treated water that can be produced effectively by a
wind-RO system is 50-2,000 m*/day (Al-Karaghouli and Kazmerski, 2013,
Eltawil, et al., 2009). A useful overview of wind energy has been provided by
Ackermann (Ackermann and Séder, 2002). More information on wind-powered
desalination is available in (Al-Karaghouli, et al., 2009, Garcia-Rodriguez, et al.,
2001, Habali and Saleh, 1994, Kiranoudis, et al., 1997, Lenzen and Munksgaard,
2002, Ma and Lu, 2011, Miranda and Infield, 2003, Robinson, et al., 1992).

2.4.3.4 Geothermal Energy and Water Desalination

Geothermal energy is heat stored beneath the earth’s surface. Geothermal
reservoirs can be low temperature (<150°C) or high temperature (>150°C);
temperature directly affects which applications can make use of the stored energy.
Medium to high temperature geothermal reservoirs can provide energy for either
membrane or thermal desalination processes. One advantage of geothermal
energy is that there is no need for additional energy storage reservoir heat supply
is continuous and predictable. Ophir showed that a geothermal-desalination plant
would cost as much as a large multi-effect dual-purpose desalination plant (Ophir,
1982). As described in a report by Awerbuch (Awerbuch, et al., 1976), the first
geothermal-desalination pilot plant was built in Holtville, California in 1972,
funded by U.S. Bureau of Reclamation (Al-Karaghouli and Kazmerski, 2013,
Eltawil, et al., 2009). Pilot-scale geothermal-MED plants have been designed and
tested in France (Bourouni, et al., 1999) and southern Tunisia (Bourouni, et al.,
2001); the evaporators and condensers for these units were made of
polypropylene and the unit operating temperature was 60-90°C (Bourouni, et al.,
1999). Sometimes, brine from geothermal desalination systems can be used
directly as the feed water/heat source for thermal desalination, or even RO, if the
membranes can withstand higher temperatures (60-90°C). If a geothermal
reservoir can provide high enough pressure water, it can provide shaft energy for
mechanically driven desalination processes (Barbier, 2002, Houcine, et al., 1999).

2.4.3.5 Biomass Energy and Water Desalination

The literature is nearly silent on biomass energy for water desalination. Eltawil et
al. described the use of biomass for water desalination energy as not being “a
promising alternative since organic residues are not normally available in arid
regions and the growing of biomass requires more fresh water than it could
generate in a desalination plant” (Eltawil, et al., 2009). For most situations, this
conclusion is reasonable, especially when large water treatment capacities are
needed, the feed is high salinity seawater, or the biomass is grown only for energy
production. In situations where very small plant capacities are needed, where
significant amounts of local agricultural, forestry, or urban biomass residues are
available and underutilized, and/or where the feed water is of relatively low
salinity, biomass use may be feasible alternative.

For example, in New Mexico in the southwestern U.S., the climate is warm to hot
and semi-arid to arid, enabling agricultural production through irrigation with
ground water. This ground water has varying levels of salinity, from fresh to
brackish. Residues from agriculture including pecan orchard prunings and shells
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(Lillywhite, et al., 2010), cotton gin trash (Isci and Demirer, 2007), and dairy
manure, in addition to urban yard waste, are locally available. In this scenario,
biomass might conceivably serve as the energy source for a farm-scale irrigation
or neighborhood-scale drinking water thermal water desalination plant.
Combustion, gasification, or pyrolysis could be used to directly convert biomass
into thermal energy. A slow pyrolysis process would have the added advantage of
producing a value-added biochar product that would be used as an adsorbent for
additional water treatment or as a soil amendment for improved soil water use
efficiency and fertility (Barrow, 2012, Laird, 2008, Lal, 2008, Lehmann and
Joseph, 2009, Lehmann, et al., 2003).

2.5 Economics

2.5.1 Economics of Water Desalination Plants

The costs for a water desalination plants may be grouped into capital costs and
operational costs. Capital costs are one-time costs and include direct construction
costs, such as land, equipment, buildings, and wells/surface water intake and
concentrate disposal infrastructure, and indirect construction costs. Operational
costs are recurring costs and include fixed costs such as insurance and
amortization (usually 0.5% and 5-10% of the total capital costs, respectively) and
variable costs such as maintenance, labor, energy, chemicals, supplies, etc. For a
typical seawater RO plant, capital costs and energy costs represent 37% and 44%,
respectively, of the total costs. For a similar thermal desalination plant, the capital
cost fraction is lower (32%) and the energy costs higher (50%) because of the
higher energy requirement per cubic meter of produced water for thermal systems
(Eltawil, et al., 2009, Fiorenza, et al., 2003).

Energy consumption and hence, the final produced water cost, is significantly
reduced in thermal desalination units if the power source is dual-purpose, i.e. the
turbine is directly integrated with the desalination unit so that low-temperature
exhaust heat energy provides the primary steam for desalination (Ophir and
Lokiec, 2005). For example, the produced water cost of a 6 million gallon per day
(22,700 m*/day) single-purpose MED unit would be 0.739 cents/gallon (1.95
US$/m?), while the produced water cost from a similar capacity dual-purpose unit
would decrease to 0.330 cents/gallon (0.87 US$/m?). Use of corrosion-resistant
materials for heat transfer surfaces also decreases the capital and long-term
energy costs for thermal desalination processes due to reduced scaling (Eltawil, et
al., 2009).

Fresh water produced in conventional (fossil fuel-powered) MED plants with
capacities of >90,000 m>/day costs approximately 0.52-1.01 US$/m>. As the
capacity of the MED plant decreases to 12,000-50,000 m*/day, the produced
water cost increases to 0.95-1.95 US$/m’. The estimated produced water cost for
an MSF plant with a capacity of 23,000-528,000 m*/day is 1.75-0.52 US$/m°,
respectively (Al-Karaghouli and Kazmerski, 2013).
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2.5.2 Economics of Coupling Renewable Energy and Water

Desalination

Although many forms of renewable energy are available for free or very low cost,
there are often significant capital costs for renewable energy systems, which result
in dramatically higher produced water costs, especially at the smaller scale (see
Table 2.2). These costs can be decreased with continuous improvements in
renewable energy systems and power-saving strategies. Currently, renewable
energy-powered water desalination systems are economically feasible only in
rural communities with no access to an electrical grid, and/or where solar and
wind resources are abundant.

The water production cost for a concentrated solar power-MED system with a
production capacity of about 5,000 m*/day, a thermal energy requirement of 147-
289 MJ/m?, and an electrical energy requirement of 2.5 kWh/m? (9 MJ/m?) would
be 2.40-2.80 US$/m* (Al-Karaghouli and Kazmerski, 2013, Fiorenza, et al.,
2003). A typical geothermal-MED system, with a capacity of 80 m?/day, a 80-
100°C energy source, and the same energy requirements as the concentrated solar
power system, would have a water production cost of 2.00-2.80 US$/m? (Al-
Karaghouli and Kazmerski, 2013). Solar PV-RO and PV-ED are promising
technologies in terms of economics; the main disadvantages of these systems are
the low availability (and therefore high cost) of large PV arrays (Eltawil, et al.,
2009).

2.6 Small-Scale Water Desalination Technologies

Much of the world’s water desalination capacity is large-scale, fossil fuel-
powered, seawater desalination. In general, produced water cost increases as plant
capacity decreases and renewable energy sources are used. Small-scale
desalination systems and their economics, however, are very important for small,
rural communities where the available water is brackish or contaminated.

Sen et al. have focused on designing small-scale desalination systems for rural
communities in India to address such concerns (Sen, et al., 2013). They developed
a micro-scale MED system, initially powered by diesel, with 3 effects, a FF
arrangement, a GOR of 3.6, and a fresh water production rate of 11-12 L/hr. (0.27
m?’/day). The unit can decrease the TDS of the water from 750 ppm to <10 ppm,
well below the required TDS for potable water (Sen, et al., 2011). In another
series of studies on small-scale MED unit design and operating parameters, Sen et
al. experimented with 3, 6 and 9-effect systems, vertical tube evaporators using
falling film water flow, and parallel feed alternatives. They found that a steam
flow rate of 30 kg/hr. at 4 bar, and a feed water flow rate of 100 kg/hr., were
satisfactory to meet design goals. The produced steam from the boiler was 130-
140°C and the feed water was heated to 110-112°C (Sen, et al., 2011, Sen, et al.,
2011, Sen, et al., 2011). The 9-effect MED, at semi-optimized parameters,
produced 4 m*/day of distilled water and required approximately 1110 MJ/m? of
thermal energy at a cost of approximately 26.5 US$/m? (assuming a diesel energy
content of 43 MJ/L, a cost of 0.86 US$/L, and a density of 0.832 kg/L) (Sen, et
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al., 2011). These very high energy and cost values are expected to decrease with
improvements in boiler efficiency, insulation to prevent heat losses, and
continuing adjustments to the heat exchangers. Long-term goals for this research
include increasing ease of fabrication, decreasing costs, and incorporating
biomass-derived energy to replace the diesel fuel.

Biomass, with its relatively high moisture, oxygen, and ash content, and low bulk
and energy densities, is best suited for small scale applications as transportation
costs increase quickly with increasing distances (Wright and Brown, 2007). As
such, biomass makes a less-than-ideal energy source compared to fossil fuels and
electricity. Non-food biomass, however, is abundant in many places in the form of
agricultural residues, forestry residues, yard waste, construction wood waste, and
municipal solid wastes (cloth, paper, cardboard, etc.) (Downing, et al., 2011).
Many of these residues go underutilized in landfills, especially in rural areas
where these is less pressure for waste valorization. For those rural areas that
require small-scale water desalination, communities should consider biomass-
powered water treatment systems; such systems may not represent optimized
energy efficiency or costs, but they may allow communities to meet their needs
with the resources they already have. Biomass should also be considered as a
supplement to solar power during off-peak times.

Conclusions

Different kinds of renewable energy-powered water desalination methods and
technologies are available. For most scenarios, using renewable energy sources is
much more expensive than conventional energy sources due to high capital costs.
Improvements in energy efficiency and renewable energy collection/conversion
technologies has somewhat driven down these costs, and the environmental
benefits of using renewable energy sources has helped shrink the overall
advantages of conventional energy systems. Much more research is needed for
optimized site-specific renewable energy-powered water desalination system
design.

If biomass is to be a feasible energy source for water desalination, a small-scale
thermal desalination system in a rural area with lower salinity (brackish) feed
water and abundant waste biomass is the most promising scenario. The economics
of such a system would be significantly improved if the energy conversion
method can produce other valuable products such as biochar.
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3. Design Parameters for Biomass Pyrolyzer-
MED System

3.1 System Scale and Desired Qualities

The low energy density nature of biomass dictates that biomass for energy be
used close to its source. Close, by many estimates, is within several tens of miles
(km) (Wright and Brown, 2007). Therefore, a water desalination system using
biomass residues for energy will need to be on the scale of a single farm or a co-
op of farms or residences. Within those constraints, the designed system must also
account for the amount of biomass available on a seasonal basis and/or from
storage. If the water is needed year—round, then the biomass must also be
available year-round. On the other hand, if the produced water is to be used for a
short-term purpose, such as flushing salts out of the root zone prior to planting or
irrigating salt-sensitive seedlings, the seasonality of biomass residue supplies
must be matched to the needed times.

The design of this system was based on the available water and biomass residues
in the Mesilla Valley region of southern New Mexico. Brackish water chemistry
was modeled off of wells 2, 3, and 4 at the Brackish Groundwater National
Desalination Research Facility (BGNDRF) at Alamogordo, NM. These waters
ranged in total dissolved solids (TDS) from 3,450 to 6,400 mg/L and pH values
from 7.0 to 7.8 (Munoz-Guerra, et al., 2011). Target biomass residues were pecan
shells, pecan orchard prunings, cotton gin trash, and yard waste. Other abundant
residues that might be considered for this region are invasive species, namely
tumbleweed and salt cedar, and dairy manure.

The design process started with the thermal and electrical energy needs of the
multiple effect distillation (MED) water desalination unit and worked backwards
to determine the needed biomass feed rate. The target fresh water production rate
was 1-2 m?/day or approximately 50 kg/hr.; this rate is considered micro-scale for
water desalination technologies. The process would be continuous flow, use unit
operations that could be installed on a mobile platform such as a trailer pulled by
a pickup truck or a semi and be operated by two people. All of the energy needed
for the water desalination would come from the biomass with the exception of
start-up energy that might come from propane, diesel, or electricity. The pyrolysis
process would be energy self-sufficient. Other sources of energy might be used
for biomass size reduction (splitting, chipping) and drying. The process would be
clean such that the only products were fresh water, brine, biochar and carbon
dioxide.

3.2 Unit Operations

3.2.1 Process Flow
The process flow consists of 12 unit operations:
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1. Biomass is added to a feed hopper;

2. From the feed hopper, biomass enters the auger slow pyrolysis unit and is
converted into chars, bio-oil (as vapors and aerosols) and non-condensable
gases (NCG) through partial combustion of the biomass;

3. Chars are fed into a char collection container where some of the cooled
flue gases are warmed before being recycled into the pyrolysis unit;

4. Bio-oil vapors, aerosols and NCG flow into a furnace where they are
combusted with additional air to form carbon dioxide and water;

5. Heat from the combustion furnace heats water in a boiler to produce
steam;

6. Steam from the boiler is fed through a steam turbine to produce electricity;

7. Low pressure, low temperature steam is fed into the first effect of the MED
unit to provide process heat; condensed steam is recycled to the boiler or
collected with the distillate;

8. Electricity from the turbine generator is used to power the vacuum pump
and the water pumps (feed water, brine, and distillate) of the MED;

9. Brackish feedwater is preheated using the condenser unit of the MED then
a heat exchanger connected to the warm flue gas stream exiting the
combustion furnace;

10. Preheated feedwater is sprayed into the effects in a parallel feed
arrangement, creating a falling film over horizontal heat transfer tubes and
producing low-pressure steam that flows into the next effect;

11. Brine collected at the bottom of each effect is removed to brine storage or
recycled into the feedwater tank;

12. Distilled water collected in the condenser is pumped through a valve into
fresh water storage; the valve allows the diversion of the produced water
into the feedwater if the electrical conductivity is too high.

3.2.2 Steam for the MED

The energy required for primary steam for the MED was calculated as follows
assuming the use of two evaporation effects.

For steam flow rate = 23 kg/hr., pressure = 0.5 bar absolute (7.3 psia), and

temperature = 81.3°C (178°F), the amount of energy released by the steam within
the MED first effect as latent heat is:

Qtotat = Quatent = Msteam X Hvap (D

where Msteam is the steam flow rate and Hvap is the latent heat of vaporization.
From steam tables for saturated steam at 0.5 bar and 81°C, the enthalpy of
condensation is 2306.3 kJ/kg, which results in an energy transfer rate:
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Quatent = 2372 X 23063 kJ /g = 53,0452 = 14.73 kW @)

This amount of thermal energy is appropriate to produce approximately 55 kg/hr.
of fresh water if 227 kg/hr. of brackish water (TDS = 1,000-3,000 mg/L) is fed
into the effect.

In the case that the exhaust steam from turbine is superheated (to a temperature
higher than 81°C for the same steam pressure) the amount of energy released by
steam within the MED effect would be:

Qtotat = Usensivte T Quatent = Msteam X Cp X AT + Msteqm X Hvap 3)

where Cp, is the heat capacity and AT is the temperature difference between the
superheated steam and saturated steam. The heat capacity of the steam was
estimated for the steam using a standard temperature-dependent heat capacity
model from Table C.1 of (Smith, et al., 2005).

3.2.3 Electricity for the MED

The electrical power requirements for the MED unit assumed that four unit
operations would be needed with individual power requirements of:

e 2.2 kW for a vacuum pump to provide vacuum at approximately 0.1-0.2
bar within the MED unit;

e 58 W for the distillate pump;

e 58 W for the brine pump;

e 108W for the feedwater pump;

which results in a total electrical power requirement of 2.45 kW.

3.2.4 Aspen Plus® Simulation

Process simulation software, Aspen Plus®, was used to model the mass and
energy balances associated with the pyrolyzer-MED interface unit operations
based on the thermal and electrical power needs of the MED unit. The model
included four continuous, steady-state unit operations: a furnace to combust the
non-condensable gases (NCG) and bio-oil to produce hot flue gas, a shell-and-
tube heat exchanger (boiler) to use heat from the flue gases to produce steam, a
turbine to convert the steam to electricity, and a second shell-and-tube heat
exchanger to use residual heat in the flue gas to preheat the MED feedwater. The
complete process flow is shown in Figure 3.1. Simulations were first run on as
individual blocks using results from other block simulations. Once input and
output streams were near converging on individual block bases, the unit operation
blocks were combined into one single process block and the simulations repeated
until convergence was achieved.
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Q Temperaure (C)
(:} Pressure (bar)
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W Power(kw)

Figure 3.1 Aspen Plus® process flow diagram for pyrolyzer-MED interface showing stream temperatures, pressures, mass flow rates,
heat duties and electrical power. HX1: heat exchanger 1, boiler; HX2: heat exchanger 2, preheater for the MED brackish feedwater;
NCG: non-condensable gases; MED, multiple effect distillation unit.
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3.2.4.1 Turbine Simulation

The only available option for a turbine in Aspen Plus® is the isentropic turbine.
However, Aspen provides two temperatures for the outlet stream, one for the
actual requirements and one for the idealized isentropic conditions, which are
usually the same value initially. Turbine efficiency was set to the default value of
72%. The property method used was IAPWS-95, and the free-water phase
properties were determined using STEAM-TA and water solubility method 3. The
discharge pressure and indicated horsepower were 0.5 bar and 3 kW, respectively.

3.2.4.2 Boiler Simulation

From the turbine simulation preliminary results, the output requirements for the
boiler heat exchanger were set to provide 23 kg of steam at 8 bar and 400°C. As
with the turbine, the free-water phase properties were determined using STEAM-
TA and water solubility method 3. The hot (steam) side of the boiler was modeled
using Peng-Robinson vapor only; the cold (water) side was modeled using
STEAM-NBS vapor and liquid. Heat exchanger configuration was set to
countercurrent shell-and-tube with a minimum approach temperature of 1°C

3.2.4.3 Furnace Simulation

The furnace model was more complicated because NCG and bio-oil compositions
and combustion reactions had to be specified. Using literature about slow
pyrolysis NCG and bio-oil composition as guidance, five complete combustion
reactions available in Aspen Plus® were selected in the following order:

CHs +202 2 CO2+2 H20

2H2+ 02> 2 H20

2CO0+022>2C02

CeHsOH (phenol) + 7 02> 6 CO2 + 3 H20
CH3COOH (acetic acid) +2 O2 = 2 CO2+2 H20

The mole fractions for the NCG input stream were assumed to be 68% COz2, 28%
CO, 2% Hz and 2% CHa, at a temperature of 400°C and atmospheric pressure
(Phan, et al., 2008, Wijayantia and Tanoue, 2013). The bio-oil input stream was
set at 400 °C and atmospheric pressure with mole fractions of 53% phenol, 28.1%
acetic acid, 9.2% furfural, 5.4% methyl acetate and 4.3% hydroxyacetone (Kim,
et al., 2014, Phan, et al., 2008). Air was assumed to have a molar composition of
79% N2 and 21% Oz at an input temperature and pressure of 25°C and 1 bar,
respectively. The property model used for the furnace calculations was Peng
Robinson with free-water phase properties treated as ideal (due to the high
temperatures and low pressures). The furnace efficiency was assumed to be 80%
based on a standard gas-fueled boiler (2015). Furnace operation was optimized by
varying the air flow rate and the combustion temperature. Input flow rates had to
be adjusted when different heat duties were needed to avoid heat transfer
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temperature cross over in the boiler.

3.2.4.4 Brackish Feedwater Preheater Simulation

The heat exchanger used to further cool the flue gas and to preheat the MED unit
brackish feedwater was modeled as a countercurrent shell-in-tube exchanger. The
cold side was modeled as liquid only using STEAM-NBS with an outlet
temperature of 60°C; the hot side was modeled using gas-phase only Peng-
Robinson. The minimum approach temperature was limited to 1°C.

3.3.4 Calculating Biomass Needs

The necessary flow rates of bio-oil and NCG from the pyrolyzer were calculated
from the Aspen Plus® simulation of the furnace; from that calculation, the
amount of biomass needed per m® of produced water from the MED unit can be
estimated. In the slow pyrolysis of lignocellulosic biomass, approximately 60-
70% of the dry feedstock mass is converted into bio-oil vapors and NCG, while
the remaining 30-40% of the mass is converted into char (Lee, et al., 2013, Phan,
et al., 2008). To get the amount of biomass needed, the combined mass flow rates
from the bio-oil and NCG streams of the converged simulation were simply
divided by the pyrolysis yields on a dry basis. Based on the bio-oil and NCG gas
compositions assumed for the simulation, the combined bio-oil and NCG would
have a higher heating value (HHV) of approximately 7.5 MJ/kg; with the 80%
assumed furnace efficiency, 6.0 MJ/kg of this energy would be converted into
usable energy for the boiler.

3.3 System Design Results

The results of the converged Aspen Plus® simulation are shown in Figure 3.1.
The overall inlet streams into the furnace were 10 kg/hr. and 8 kg/hr. of NCG and
bio-oil, respectively, at 400°C and 1 bar, and 80 kg/hr. of air. An optimum
combustion temperature was calculated at 927°C and released 29.9 kW of thermal
energy. The surface area needed for the boiler was 0.057 m? to produce 23 kg/hr.
of steam at 400°C and 8 bars using 98 kg/hr. of hot flue gas at 1 bar and 927°C.
Exiting the turbine was superheated steam at 168°C and 0.5 bar; the turbine
produced 3 kW of work for an electrical generator. The surface area needed for
the brackish water preheater was 0.06 m?> and warmed 227 kg/hr. of brackish
feedwater from 35°C to 60°C.

Assuming a 65% yield of bio-oil and NCG from slow pyrolysis, approximately
27.6 kg/hr. or 0.66 Mg/day of dry biomass is needed to produce 55 kg/hr. or 1.3
m? of distilled water. Put another way, approximately 475-550 kg of dry biomass
is needed per m® of produced distilled water. Assuming a biomass purchase cost
of US$50-75 per dry ton, treated water at this scale would cost 23-41 US$/m’.

3.4 Conclusions and Future Research

Biomass contains enough energy to feasibly provide the energy for brackish water
desalination using multiple effect distillation. The water production rates, unit
operations and costs modeled here using Aspen Plus® represent the very low end
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of small scale throughput, that is, what could be achieved in a laboratory-scale
system. As expected at this scale, the produced water costs are approximately one
order of magnitude higher than what could be achieved with economies of scale
and an optimized number of effects. The mass and energy balances from the
simulation demonstrate the proof-of-concept for a biomass pyrolyzer-MED
system and provide a tool for designing real-world systems at different scales.

One challenge of pursuing a proof-of-concept prototype at such a small scale is
the limited availability of optimized unit operations. For this system interface to
be built for field testing, the scale will likely be selected based on the equipment
available on the commercial market. Here, the steam turbine is likely to be the
limiting equipment component, followed by the heat exchangers; the steam
turbine should be selected first, then the simulation used to size the other
components based on the available biomass feedstocks.

The cost estimate presented here is based on literature values for biomass
purchase prices, such as in (Brown, et al., 2011), and does not consider capital
and operating costs. The more likely scenario in the field is that the capital and
operating (labor, maintenance, start-up fuel) costs will dictate the produced water
cost while the biomass will be obtained onsite rather than being purchased. Future
work with the developed simulation should be to add techno-economic analysis.

Three ways that the interface might be improved are the addition of water
recovery from the biomass drying and combustion processes, the addition of heat
exchanger to warm the boiler feed water using the superheated steam exiting the
turbine, and the addition of an electrical air blower for the furnace to ensure
adequate oxygen. Biomass from the field is usually wet and must be dried to less
than approximately 10% moisture by weight prior to pyrolysis. A major product
of combustion is water that currently is not recovered from the flue gas stream.
Both sources of water represent opportunities to increase distilled water recovery
rates. While the latent heat of the superheated steam might be used in the MED,
the high temperature (168°C) would cause substantial scaling as the brackish
water boiled in the effect; scaling is most likely at temperatures greater than 80°C.
Since the boiler feed water does not contain salts, there is the potential for heat
recovery without the risk of scaling. Finally, an air blower would give the furnace
operator greater control over the combustion reaction to target an optimum
temperature and increase combustion efficiency.

The interface modeled here assumes set rates and compositions of bio-oil vapors
and non-condensable gases from biomass pyrolysis. Even though this model uses
values that have been demonstrated in the literature, a complete design of a
pyrolyzer-MED system will need to include pyrolysis reactor models that account
for the variability with time inherent in pyrolysis reactions (start-up vs. steady
state) and biomass composition. Such modeling is especially important for
pyrolyzers that use direct heating through partial combustion of the biomass to
provide the energy for the pyrolysis reactions, as anticipated to be the case here.
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4. Producing Biochar from Locally-Available
Biomass Resources

4.1 Lab-Scale Pyrolyzer Design and Fabrication

4.1.1 Pyrolysis Literature Review

Biomass pyrolysis is a thermochemical process that heats organic material to
temperatures over 300°C in an oxygen-free environment to convert low energy
density biomass into a high energy density oil (~22 GJ m™ or ~17 MJ kg™),
biochar (~18 MJ kg!) and syngas (~6 MJ kg!) (Bridgwater, et al., 1999,
Ioannidou, et al., 2009). Biomass is composed of water, carbohydrates (cellulose,
hemicellulose, starches, etc.), aromatic molecules (lignin), minerals (ash), and
other compounds (extractives). The products of pyrolysis are 20-57% char, 32—
58% oil, and 9-48% gas (Babu, 2008). Recently, more attention has been paid to
biomass pyrolysis because pyrolysis can convert many types of organic material,
such as municipal solid waste (MSW), agricultural waste, and forestry waste; and
pyrolysis gas can be used for heating, power, and the creation of syngas, methane,
hydrogen, etc.

As seen in the thermogravimetric analysis (TGA) results in Figure 4.1, there are
significant behavioral differences between the three components of plant material.
Cellulose starts decomposing at about 315°C and is mostly pyrolyzed by 400°C.
On the other hand, hemicellulose is the first component in organic material to
decompose, starting at 215-315°C but 20% hemicellulose is left unreacted in the
solid residual, despite temperatures as high as 900°C. Lignin is the most difficult
component to decompose with also the worst mass loss rate, leaving 47% by
weight in the residual at 900°C (Fantozzi, et al., 2007, Yang, et al., 2007).

For biomass pyrolysis, there are three main stages (Fantozzi, et al., 2007):

1. Dehydration (25°C-100°C) removes moisture from the biomass.

2. Thermal cracking (100-350°C) decomposes biomass under oxygen free
conditions. With the rise in temperature, a variety of volatile organic compounds
(VOCs) will form, resulting in a loss of the majority of the original mass.
Although the temperature reaches the ignition point of the material, the oxygen
free conditions prevent the formation of a flame, as flame is gas phase oxidation
reaction.

3. Carbonization (> 400°C) is generally considered to be caused by the further
cracking of C-C and C-H bonds. Decomposition occurs very slowly in this stage
and the resulting mass loss is much smaller than in the second stage. Biochar is
formed when the C-C and C-H bonds in the VOCs are broken, dispersing them as
gases.
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Figure 4.1. Pyrolysis curves of hemicellulose, cellulose and lignin in a
thermogravimetric analyzer (Yang, et al., 2007).
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Table 4.1. Parameters for different pyrolysis processes (Brewer and Brown,

2012).
Process Residence | Heating | Temperature Primary product
time rate range (°C)
Carbonization | hours-days | Very 400-600 Biochar
slow
Slow pyrolysis | 5-30 min Slow 350-600 Syngas, bio-oil,
biochar
Fast pyrolysis | 0.5-5 sec High 650 Bio-oil

There are two primary methods of pyrolysis, slow pyrolysis and fast pyrolysis.
These two methods vary in physical parameters like temperature, heating rate,
residence time and primary products. Slow pyrolysis is mainly used to produce
biochar from low-value biomass feedstock like yard waste, but can also be used to
generate energy (Downie, et al., 2012). The heating rate is usually below 100
K/min, the reaction temperature range is from 300°C to 800°C, and the residence
time varies from minutes to days. The yields of slow pyrolysis are roughly 35%
biochar, 30% bio-oil, and 35% syngas by mass. Slow pyrolysis units are typically
connected to an afterburner to burn the off-gases, often for heat or electricity
generation (Brown, et al., 2011). Fast pyrolysis was developed from the slow
pyrolysis process to maximize bio-oil production. It is operated at moderate
temperatures with very high heating rates and short residence times. Several fast
pyrolysis experiments have managed to convert 70-80% of the starting dry
biomass weight into bio-oil (Winsley, 2007). The size and type of the pyrolyzer is
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determined by the size of the feedstock. If the feedstock is too large, the heating
rate will be too low to achieve fast pyrolysis. Typical particle sizes for fast
pyrolysis are <2 mm.

Table 4.2. Typical product yields (dry basis) obtained by different modes of wood
pyrolysis (Winsley, 2007).

Mode Conditions Bio-o0il | Biochar | Gas

Fast Moderate temperature (500°C) for 1s | 75% 12% 13%

Intermediate | Moderate temperature (500°C) for 50% 20% 30%
10-20s

Slow Low temperature (400°C) with very 30% 35% 35%
long solids residence time

Gasification | High temperature (800°C) with long | 5% 10% 85%
vapor residence time

4.1.2 Pyrolyzer Design Considerations

There are three main methods for heating pyrolyzers: direct heating, auto-thermal
heating, and indirect heating. In direct heating, biomass, petroleum, or natural gas
is burned outside of the pyrolyzer to generate hot combustion gases which enter
the pyrolysis chamber and drive the pyrolysis reactions. In auto-thermal heating,
some of the feedstock is burned/oxidized to generate the heat needed to pyrolyze
the rest of the feedstock (Emrich, 1985). In indirect heating, hot gas flows through
an external heating tube adjacent to the tube and heats the biomass by thermal
conduction; this method ensures that pyrolysis will occur in an oxygen-free
environment, but this also means that one must either recycle or remove the
VOCs produced during pyrolysis. Figure 4.2 shows these various types of heating.
In commercial applications, direct heating is usually chosen because it is cheap
and easy to operate. In lab-scale applications, indirect heating methods give better
control of the reaction temperature, heating rate, and residence time.

The batch reaction cycle includes a heating phase to create the biochar and a
cooling phase to lower the biochar’s temperature to prevent combustion upon
exposure to air. Feedstock particles are kept stationary during the reaction while
produced VOC:s are released into the sweep gas. Semi-batch systems are more
efficient at utilizing heat because the hot steam generated in one reaction cycle is
reused in the next reaction cycle. Although some systems can also recycle liquid
byproducts, most systems only recycle hot steam in producing biochar (Garcia-
Perez, et al., 2010). In general, a continuous reaction chamber is operational 90-
95% of the time because the reaction is only discontinued during the occasional
maintenance of the chamber. Most reaction chambers are adjusted for continuous
operation when the biomass feedstock flow rate is sufficiently high.

38



2011-2015 FINAL REPORT - COOPERATIVE AGREEMENT NO. R10AC80283 Page 405

Auto-Thermal Process

Oxadhzing

==t PYROLYSIS == Volatiles

agent

Blomass weiel REACTOR ﬁ Charcoal

Directly heated with inert gases

Hot Inert

Gases »  PYROLYSIS =P Volatiles
Biomass === REACTOR apd  Charcoal

Indirect Heating

Hot Gases

—_— w—p  Hot Gases
PYROLYSIS — 7 Volatles
Biomass === REACTOR == (harcoal

Figure 4.2. Types of pyrolysis heating methods (Garcia-Perez, et al., 2010).

Several lab-scale slow pyrolyzers have been developed for biochar research. The
“buried sand” reactor was designed at Rice University to produce biochar for
small-scale testing. Instead of using nitrogen as an inert purge gas, the entire
reaction chamber was buried in 9 kg of sand, which allowed volatiles to escape
through the sand and greatly limiting the diffusion of oxygen into the reactor. The
reactor itself was a steel vessel covered by a loose-fitting porcelain lid containing
the biomass (30-60g), glass wool and a thermocouple. Heat was provided by a
box furnace with snorkel ventilation. This setup (thermocouple + furnace) gave
the users good temperature control. Long wait times were common because the
large mass of sand for heating and cooling. The sand insulation cannot be scaled
to higher-yield applications because the mass, cooling time, and pressure
generated by the sand. Nor was it possible to measure emissions due to the lack of
an outflow collection mechanism (Kinney, et al., 2012).

The “meat smoker” reactor was a custom-built, pilot-scale batch reactor designed
at Baylor University to produce large amounts of biochar using cheap, relatively
common equipment including a truck-mounted, propane-powered pyrolyzer, and
to collect bio-oils for further analysis. Biomass was sealed in a 20L soup pot
coated with sealing grease. A custom lid and clamp kept the pot shut as the
reactor was placed in a backyard smoker box equipped with an extra propane
burner. The propane tank that was weighed before and after each reaction cycle (4
hours) to estimate energy usage. Each cycle produced roughly 2 kg of biochar. To
remove VOC:s, the lid contained a large vent connected to a series of large, air-
cooled condenser tubes with openings at the bottom for bio-oil collection. Non-
condensable gases were returned to and combusted in the second burner (L1, et al.,
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2011). Despite its many advantages, this reactor did have a few problems.
Reaction conditions were variable because temperature control was based on the
imprecise dials of the smoker while the temperature of the biomass in the large
pot was monitored by only one thermocouple. This often resulted in reaction
temperatures above desired targets. The sealant also proved difficult to use and
would sometimes fail.

The “paint can” reactor was designed at lowa State University to produce slow-
pyrolysis biochar for a biochar comparison study. A 0.95L (1 quart) paint can
containing the biomass was placed inside a box furnace. An inflow line of
nitrogen (1 L/min flow rate) and an outflow line for VOCs into an ice water
impinger was included, as was a thermocouple for temperature measurement. A
flow meter measured the gas outflow after non-condensable gases were cooled by
the impinger (Brewer, et al., 2009). With relatively few parts, this system was
cheap and easy to build. However, such a system required much maintenance: the
outflow line often would clog because the tubing got too cold; this clogging
created back pressure and sometimes fires in the lab furnace. The sealing material
covering both ports would deteriorate after repeated heating cycles.

4.1.3 Design of Lab-Scale Slow Pyrolyzer

The goals of our pyrolyzer design were to produce relatively large amounts of
reproducible biochar while managing VOCs and allowing for easy assembly,
disassembly and cleaning. Integrated temperature control and VOC collection
features are included. (Since we currently have no plans to analyze or recycle the
produced VOCs, combustion would be the best approach. However, space
constraints of the fume hood prevent the construction of a burner, so a condenser
was built instead.)

The system consists of a GHA 12/450 single zone horizontal tube furnace
(Carbolite, Hope Valley, UK) sized to fit a 5.5 in. (14 cm) O.D. 304 stainless steel
reaction tube with a 1/4 in (6 mm) wall thickness. The programmable furnace
provided an 18 in. (46 cm) heated zone for indirect heating. Inside the reaction
tube, two circular 303 stainless steel plates with large holes were held in place
with screws; 304 stainless steel 40-mesh wire cloth was placed between the plates
on the biomass side to contain the biomass particles while allowing for gas flow.
End caps for the reaction tube, with high temperature glass-mica ceramic O-rings,
were held in place by clamps. One end cap contained openings for a thermocouple
(Super OMEGACLAD XL, Omega) and a nitrogen gas inlet. A handheld data
logger (OM-EL-ENVIROPAD-TC, Omega) was connected to the thermocouple
to record the temperature of the biomass every 5 minutes. Pyrolysis vapors exited
through the other end cap into a 0.95 cm O.D. tube maintained at 200°C by heat
tape (XtremeFLEX BWH, BriskHeat Corp, Columbus, OH) with a temperature
controller (SDC Digital Benchtop, BriskHeat Corp.) to prevent early vapor
condensation and clogging. Vapors were bubbled through approximately 700 mL
of distilled water in a large, glass Erlenmeyer flask set in an ice bath. The entire
pyrolysis system was operated inside of a fume hood, as shown in Figure 4.3. The
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fabrication process included cold-flow and hot-flow shakedown trials.
Reaction tube

!

Flowmeter N, tank

Exit tubing with heat
tape around

Condenser
Figure 4.3. Custom-built lab-scale slow pyrolysis system used to produce biochar.

4.2 Biomass Feedstocks

Four feedstocks were selected for this study to represent underutilized biomass
available locally. All feedstocks were air dried and stored in sealed buckets prior
to pyrolysis.

Pecan (Carya illinoinensis (Wangenh.) K. Koch) orchard prunings were collected
from the NMSU Leyendecker Plant Science Center in Las Cruces, NM. Prunings
consisted primarily of small branches and twigs, with some leaf material.

Prunings were allowed to dry in the field, then were collected and chipped in a
standard yard waste chipper. Pecan shells were collected from a local pecan
processing facility and were used as received.

Cotton (Gossypium hirsutum L.) gin trash was collected from Mesa Farmers Coop
- Cotton Gin in Vado, NM. The gin trash contained mostly cotton leaf and stem
pieces, with noticeable amounts of lint and seed residues, and some other
materials such as soil.

Yard waste was collected from the NMSU green waste yard on 17 April 2014.
The waste consisted primarily of freshly cut and chipped wood waste from tree
pruning around campus, with a small amount of mixed leaves, shrubs, and grasses
collected from maintenance of xeriscaped areas.
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4.3 Biochar Production

Biochars were produced from the four biomass feedstocks using the custom-built,
lab-scale slow pyrolysis system. Biomass (200-250 g) was loaded into the
reaction tube between the perforated plates. The furnace was heated at a rate of
5°C min™! to 450°C and maintained at 450°C for 60 minutes, after which the
furnace and heat tape were turned off and the system allowed to cool overnight.
An inert atmosphere was maintained by flowing nitrogen gas through the reactor
at a rate of 1.0 L min™'. Once the biochar had cooled to room temperature, the
reactor was disassembled and the biochar removed, weighed, and stored in sealed
containers. Bio-oil yields were estimated from the change in mass in the water
condenser; this yield did not include the non-trivial amounts of tar that had
condensed inside the pyrolyzer and exit tubing. Non-condensable gas plus tar
yield was estimated by difference. The reactor was cleaned by placing the
reaction tube in the tube furnace without the end caps and heating the tube to
600°C for an hour to burn off tar residues.

4.4 Biochar Characterization

Moisture content of the biomass feedstocks and biochars was measured by
heating ground samples in an oven at 105°C for 2 hours. Ash content was
measured by heating 0.5 g of sample in a muffle furnace to 600°C and 750°C for
6 hours for biomass and biochar, respectively. Ash measurements were done in
duplicate.

Higher heating values (HHV) of the biomass feedstocks and biochars were
determined in duplicate using a Model 6725 semi-micro bomb calorimeter (Parr
Instrument Co., Moline, IL). Mineral oil of known energy content was used as a
spike for samples which did not easily ignite in order to ensure complete
combustion.

4.5 Results

Pyrolysis product yields, and biomass and biochar characteristics are shown in
Table 1. There was a lag of approximately 25-50°C during pyrolysis between the
biomass temperature and the furnace set temperature due to heat transfer
limitations; the actual highest heating temperatures were 433, 423, 425 and 419°C
for pecan shell, pecan prunings, cotton gin trash, and yard waste, respectively.
Biochars retained the particle size distribution and shape of the biomass
feedstocks. Biochars were uniformly black in color, had little or no perceivable
odor, and left no oily residue when smeared; these observations are consistent
with complete biomass conversion. One exception was the cotton gin trash
biochar, which had some interspersed dark brown particles, especially in the
shape of the cotton lint residues, suggesting a slightly less severe pyrolysis
intensity (Brewer, et al., 2012). The cotton gin trash feedstock also had a
significantly higher ash content (12% on a feedstock weight basis, compared to 1-
5%), which resulted in a higher biochar yield (42%, compared to 28-35%), higher
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biochar ash content (31%, compared to 4-19%) and lower biochar HHV (24 MJ
kg™, compared to 31-32 MJ kg!); these results indicate that the feedstock’s
mineral matter was concentrated in the biochar ash fraction. The biomass
feedstock pyrolysis properties, yields, and higher heating values were consistent
with other biomass slow pyrolysis processes. The collected bio-oil yields (11-
18%) were lower, and the non-condensable gas (NCQ) yields higher, than would
generally be expected for this slow pyrolysis temperature since the tars coating
the reactor and exit plumbing were not measured and thus were included in the
NCG estimation.

Table 4.1. Yields of biochar, collected bio-oil, non-condensable gases (NCG) and
uncollected tars from biochar production, reported on a wet feedstock basis.
Moisture content, ash content, and higher heating values (HHV) of biomass
feedstocks and biochars reported on a wet, unground basis; * is standard deviation
where n = 2.

Sample Biochar | Bio-oil | NCG + | Moisture | Ash HHV
Yield Yield Tar (wt. %) | (wt. %) (MIJ kgt
(wt. %) | (wt. %) | Yield
(wt. %)
Pecan shell -- -- -- 5.8 1.4+03 | 18+0.5
Pecan prunings -- -- -- 5.7 27+£02 [23+£3
Cotton gin trash | -- -- -- 6.1 12+ 1 17+ 1
Yard waste -- -- -- 4.2 47+03 |22+2
Pecan shell 28 18 54 3.9 42+0.1 |31+£1
biochar
Pecan prunings 35 13 52 43 10.8 0.1 | 31+2
biochar
Cotton gin trash | 42 11 57 33 31+4 2443
biochar
Yard waste 32 17 51 2.4 19+2 32+4
biochar

4.6 Conclusion

Biochar yields for 450°C slow pyrolysis of pecan shells, pecan orchard prunings,
yard waste and cotton gin trash ranged from 28-42 wt.%, within the expected
range for these conditions. From the characterizations available, these feedstocks
and conditions produce biochars of acceptable quality for soil application; the
CGT exhibited the high ash content and low HHV of feedstocks higher in mineral
content which may impact its suitability for ash-sensitive applications.
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5. Biochar Effects on New Mexico Soil
Properties

5.1 Study Goals and Objectives

Soil quality is “the capacity of a specific kind of soil to function, within natural or
managed ecosystem boundaries, to sustain plant and animal productivity,
maintain or enhance water and air quality, and support human health and
habitation” (Karlen, et al., 1997). Generally, arid soils have poor quality due to
very low levels of soil organic matter (Idowu and Flynn, 2013). Organic matter is
very central to the quality of any soil (Reeves, 1997). The organic matter levels of
arid soils, particularly in New Mexico where this study was conducted, are often
less than 1% (Ulery and Tugel, 1999); to improve the soil organic matter,
considerable efforts are needed to add organic materials to the soil. Traditional
ways for improving soil organic matter, such as cover cropping, leaving crop
residues after harvest, and applying manure, are often difficult to achieve in arid
soils due to water availability and salinity (Magdoft, 2001). For example, cover
cropping has been very challenging for farmers in the arid desert southwest of the
United States due to the reduced amounts of available water for agriculture
(Idowu, et al., 2012). This region has suffered severe drought over several years
and using scarce water for raising cover crops is perceived by many growers as
uneconomical.

In order to improve soil organic matter of arid soils, innovative methods that will
not compete with water for crop production need to be developed. One such
innovative method is to convert locally available waste biomass materials into
biochar for soil application. Biochar is a predominantly recalcitrant organic
carbon (C) material, created when biomass is heated to temperatures between 300
and 1000°C under low oxygen concentrations (i.e. pyrolysis) (Jeffery, et al.,
2011). Since the organic carbon produced in biochar is very stable, addition of
biochar to the soil has the potential to both improve soil quality and sequester
carbon, which is important for mitigation of excessive carbon dioxide in the
atmosphere (McHenry, 2009).

Biochar application to the soil has been shown by different studies to have

significant impacts on several soil quality parameters (Barrow, 2012, Laird, 2008,

Lal, 2008, Lehmann, et al., 2003). Positive impacts of biochar amendment on

soils include:

1)  increasing soil capacity to sorb plant nutrients, consequently reducing
leaching losses of nutrients (Cheng, et al., 2008, Liang, et al., 2006);

i1) decreasing soil bulk density, leading to less-compacted soil conditions
favorable for root growth and water permeability (Laird, et al., 2010);

i11) increasing the soil cation exchange capacity (Steiner, et al., 2008);

iv) increasing soil microbial activity and diversity (Lehmann, et al., 2011,
Steinbeiss, et al., 2009);

v) increasing plant available water retention (Karhu, et al., 2011, Laird, et al.,
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2010); and
vi) increasing crop yields (Kimetu, et al., 2008, Steiner, et al., 2007).

From a biomass systems engineering perspective, using available biomass
resources to meet the community’s needs is critical to ecological sustainability. In
arid agricultural communities, crop residues are often the primary available
biomass feedstock and fresh water is often the primary need. Biomass can be used
to help meet water needs in several ways, including providing the energy needed
for water treatment. A way in which biomass for water treatment and biomass for
soil amendments can be combined is to use slow pyrolysis to produce thermal
energy for brackish groundwater desalination and biochars for application to
agricultural soils.

New Mexico state usually ranks 3™ for pecan production in the United States with
>17,000 pecan orchards covering more than 15,800 ha. Dofia Ana County is New
Mexico’s highest pecan producing county at approximately 19,500 Mg yr'!
(Lillywhite, et al., 2010). Pecan production creates two residual biomass streams:
pecan shells and pecan orchard prunings (leaves, branches, etc.). Estimates of the
amount of pecan shells available from the New Mexico/western Texas pecan
industries range from 14,000-26,000 Mg yr''; some of these shells have been used
in the horticulture as a mulch and alternative potting media (Mexal, et al., 2003).
Estimates of orchard pruning residues available from the Mesilla Valley region of
New Mexico range from 11,000-37,000 Mg yr'! on a dry basis. Air quality
restrictions have caused pecan farmers to look for alternatives to conventional
open-air pruning residue burning (Kallestad, et al., 2008).

After harvest and prior to textile production, cotton bolls must be ginned to
remove the seeds (used to make cottonseed oil and cottonseed meal) and other
non-lint materials. The non-seed, non-lint materials, such as stems, leaves and
dirt, are collectively referred to as cotton gin trash. An average of 68 kg of gin
trash is generated for each 218 kg bale of cotton. In 2013, approximately 12,000
ha of cotton were grown in New Mexico at an average yield of 0.89 bales/ha,
resulting in over 725,000 Mg of cotton gin trash (unpublished cooperative
extension service data).

Many municipalities collect tree branches, grass clippings, garden residues, and
other yard wastes from residential and commercial properties for composting,
mulching, and other uses. The City of Las Cruces, New Mexico (population
approximately 100,000) receives 1,800-2,700 Mg yr'!' of wet green waste for
processing into compost (Lisa LaRocque, City of Las Cruces Sustainability
Officer, 23 September 2013). This represents a significant source of biomass that
could be used for pyrolysis, especially for municipalities that are looking for
alternative, higher-value uses for yard waste.

Pyrolysis of locally available waste biomass can help produce energy that can
potentially be used for desalinization of increasingly salty well waters used for
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irrigation and, at the same time, improve soil quality through the application of
biochars. Therefore, the objectives of this study were:

e Assess the impacts of biochar amendments (derived from pecan shells,
pecan orchard prunings, urban yard waste, and cotton gin trash) on
multiple soil quality indicators in two different soil textures, sandy loam
and clay loam.

e Assess the impacts of biochar amendments on soil water retention
(moisture desorption) in two different soil textures, sandy loam and clay
loam.

5.2 Soil Incubation Materials and Methods

Two local arid soils used for agriculture, a sandy loam and a clay loam, were
amended with the biochars at a rate of 45 Mg ha™!. The sandy loam soil (a
Thermic Typic Torrifluvents (Staff, 1999)) was collected from the NMSU Fabian
Garcia Agriculture Experiment Station in Las Cruces, NM. The clay loam soil (a
Thermic Vertic Torrifluvents (Staff, 1999)) was collected from the NMSU
Leyendecker Plant Science Center in Las Cruces, NM. Biochars were ground to
pass a 2 mm sieve prior to addition to the soil. Soil samples were thoroughly
mixed then packed into pots. Soils were first slowly saturated with water then
allowed to drain for 24 h, after which they were placed into a growth chamber for
3 weeks. About 100 cm? of water was added twice a week to prevent the soil from
drying out. The temperature of the growth chamber was set at a day temperature
of 28°C and a night temperature of 20°C.

5.3 Soil Property Measurement Methods

Soil chemical analyses were conducted on the biochar-amended soils after
incubation using standard procedures. The pH, electrical conductivity, calcium,
magnesium, sodium, and sodium adsorption ratio of the soils were measured
using the filtered solution from a saturated paste preparation (Laboratory, 1954).
Soil organic matter (SOM) was measured using the Walkley-Black method
(Nelson and Sommers, 1996). Sodium bicarbonate-extractable phosphorus (Olsen,
et al., 1954) and potassium were measured by inductively coupled plasma (ICP)
spectroscopy (Cihacek, 1983). Nitrate-N concentration was measured by water
extract using a cadmium reduction column (Ludwick and Reuess, 1974). Copper,
iron, manganese and zinc micronutrients were measured by DPTA extract and
analyzed by ICP (Ludwick and Reuess, 1974).

The experimental design for the biochar soil amendment trial was a randomized
complete block design, with treatment combinations replicated four times.
Experimental treatments consisted of biochars from four different feedstocks
[pecan shells (PS), pecan prunings (PP), yard waste (YW) and cotton gin trash
(CGT)] and a control treatment with no biochar addition, tested in two soil types
(sandy loam and clay loam), for a total of ten treatment combinations. Analysis of
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variance was performed on soil measurements and the means of the treatment
values were separated using the Student Newman Keuls test after a significant F-
ratio.

Moisture desorption curves were used to assess the effect of biochar amendments
on soil water retention in the plant available range, namely from field capacity
(FC) at -33 kPa tension (336 cm or 132 in. of water, pF = 2.53 where pF = - log [h
(in cm)]) to permanent wilting point (PWP) at -1,500 kPa tension (15,296 cm or
6,022 in. of water, pF = 4.19). Soil moisture desorption curves were measured
using a HYPROP tensiometer system (UMS GmbH, Munich, Germany) and a
WP4C Dewpoint potentiometer (Decagon Devices, Pullman, WA). The dewpoint
potentiometer measures water potential in the based on measurements of humidity
above a sample in a closed chamber.

Soil samples were prepared for tensiometer analysis by partially saturating them
for several hours in their incubation pots, then inverting the pots onto a tray. The
potentiometer sample ring was pushed over the sample and any soil sticking
above the rim was gently pushed down to completely fill the sample ring. Excess
soil was removed and saved for chemical analysis. The saturation base and a
coffee filter were placed over the soil and the sample was completely saturated
overnight. The HYPROP was run as per manufacturer instructions in multiple
device mode with weight measurements taken 2-3 times per day until analysis
runs were complete. Refilling was done overnight using a vacuum system that
provided 850 kPa when connected to the HYPROP base. The HYPROP provides
data in the wet range, from approximately -1 kPa (pF = 1) to -1,000 kPa (pF = 3).

To gain more information about the water capacity in the PWP range, samples
from the HYPROP were removed as soon as the analysis was finished and
analyzed using the dewpoint potentiometer according to manufacturer
instructions. After each measurement, samples were allowed to air dry for a few
hours then remeasured until the water potential was below the PWP. Soil dry
weights were measured by drying in an oven at 105°C for 2 hours; these dry
weights were then used to back calculate volumetric water contents of the soil
samples for the dewpoint potential measurements.

The data was fitted to the unimodal van Genuchten/Mualem model (van
Genuchten, 1980) and to the biomodal modification to the Genuchten model
(Durner, 1994) using TensioVIEW software version 1.9 build 104 and HYPROP
software version 2.0 build 89. The unimodel van Genuchten equation uses the
Mualem model for conductivity (van Genuchten, 1980) and is presented in
Equation 1:

0—06, 1

8, — 0, [1+ (alh])"]G—1/™ (1)

where 0 is the volumetric water content, h is the soil water tension or “height”,
and Os, Or, a and n are model parameters. Information regarding the tensiometer
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measurement theory and data fitting method are available in (Abel, et al., 2013,
Peters, et al., 2011, Schindler, et al., 2010) and from the manufacturer. Plant
available water capacity was calculated as the difference in volumetric water
content between FC at pF = 2.53 and PWP at pF = 4.19 using the fitted models.

5.4 Results and Implications

Mean values of soil quality indicator measurements are presented in Tables 5.1
and 5.2. The results were analyzed separately according to soil textures to
evaluate the impacts of biochar from different feedstocks on soil quality
indicators.

5.4.1 Coarse Textured Soil (Sandy Loam)

While pH did not show a significant difference with biochar treatment (Table
5.1), the trends of the biochar treatment impact on soil EC, SOM, Na, Ca, and Mg
were similar across the coarse textured soil samples. CGT led to significantly
higher EC, SOM, Na, Ca, and Mg compared to the control treatment and the other
biochar treatments (Table 5.2). The EC increase in the soil amended with CGT
(7.12 dS m™") is of a great concern and implies that biochar produced from CGT
may lead to high salinity. Since salinity management is very critical to the success
of the cropping systems in the desert southwest region, it is important to avoid the
addition of materials that will exacerbate salinity problems. Although the SOM
was significantly increased by the CGT in sandy soil, the corresponding increase
in salinity may limit the use of CGT biochar. SAR gave significant differences in
the sandy soil, but these values were well below the SAR level at which sodicity
becomes a problem (SAR >13).

While NO3-N was not significantly affected by different biochars, both P and K
were significantly increased by the biochar from CGT (Table 5.2). Amending
sandy soil with CGT biochar led to a P increase of about 4.2 times and a K
increase of about 13.9 times compared with the control treatment. These increases
are considerable in terms of nutrient additions to the soil. For micronutrients, Cu
was not significantly affected by the biochar treatments, but Mn was significantly
increased by the biochar treatments relative to the control (Table 5.2). There were
statistical significant differences in Fe for the coarse textured soil, however, these
differences do not have crop management significance since all the Fe values
measured were in the medium range based on soil nutrient sufficiency levels for
arid soils (Flynn, 2012). Addition of CGT and PP biochars led to significantly
higher Zn levels in soil compared to the control, PS, and YW treatments. Based
on crop sufficiency level, the Zn level moved to the high range with the addition
of CGT and PP biochars, while it stayed in the medium range for the control, PS
and YW biochar treatments (Flynn, 2012).
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Table 5.1. Soil quality measurements of biochar-amended soils including pH,
electrical conductivity (EC), soil organic matter (SOM), cations (Na, Ca, Mg),

and calculated sodium adsorption ratio (SAR). PS: pecan shell; PP: pecan

prunings; YW: yard waste; CGT: cotton gin trash.

Soil | Biochar | pH EC SOM Na Ca Mg SAR

Treatment (dSm™') | (gkg!) | (mgkg!) | (mgkg") | (mgkg")

Control 7.45 1.45a 0.55a |83a 5.0a 14a 45b
§ PS 7.48 1.28 a 049a |6.6a 49a 1.2a 3.7 ab
i PP 7.40 2.00a 0.51a 95a 8.8a 26a 39ab
o2 | CGT 7.41 7.12b 1.16 b 17.0b 49.6 b 16.3b 29a
S YW 7.43 1.25a 0.65a |6.7a 48a 14a 3.8 ab

ns

Control 690a |6.86a 1.19a 235a 472 a 138 a 43 a
= PS 7.03ab | 747 a 1.20a |284a 52.0a 154 a 4.9 ab
S | PP 6.88a |155¢ 1.24a |629c 133 ¢ 353D 6.9c
% CGT 7.08b |9.12ab |1.89b |352ab 64.5 ab 23.0a 53b
O | YW 6.90a |120Db 1.33a |445Db 949 b 24.7 a 57b

Data are separated by soil type; entries in the same column labeled with different
letters had statistically significant differences (P < 0.05, n = 4); ns: not significant
at P <0.05.

Table 5.2. Extractable macronutrients (NO3-N, P, K) and micronutrients (Cu, Mn,
Fe, Zn) of biochar-amended soils. PS: pecan shell; PP: pecan prunings; YW: yard
waste; CGT: cotton gin trash.

Soil | Biochar NOs-N | P K Cu Mn Fe Zn
Treatment
(mg kg'")
Control 3.7 60a |26a 1.2 34a 27D 0.86 a
g PS 2.5 6.1a |[34a |1.1 6.1b |28b [0.88a
= | PP 2.7 7.1a |(43a 1.0 8.4c 26ab | 1.12Db
'§ CGT 0.8 25b 361b | 09 11.6d |24a 1.08b
3 | YW 1.9 64a [35a |12 87c¢ 2.5ab [090a
ns ns
Control 136 a 12a |60a |23 45a 34b 0.88
g PS 138 a 13 a 70 a 1.6 70D 36b 0.95
S | PP 759 ¢ 12a |[113c¢ | 2.1 7.5bc |2.5a 1.19
> | CGT la [28b [252d |17 |82cd [28a [1.07
O | YW 466 b 13 a 92b 1.5 8.8d 2.7 a 1.94
ns ns

Data are separated by soil type; entries in the same column labeled with different
letters had statistically significant differences (P < 0.05, n = 4); ns: not significant
at P <0.05.

5.4.2 Fine Textured Soil (Clay Loam Soil)
In the fine textured soil, the CGT led to slightly higher pH (7.08) compared to the
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control treatment (pH = 6.90, see Table 5.1). This slight rise in pH was
statistically significant yet would not have much management significance since
nutrient availability, which is governed by soil pH, would be similar within the
range of pH differences measured in this experiment. EC in the fine textured soil
was highest with PP biochar amendment (15.5 dS m™") followed by YW biochar
(12.0 dS m™) and CGT biochar (9.12 dS m™); these high EC levels show the need
for caution in using these biochars in clay soils. As previously discussed, high EC
can limit crop productivity and act as a yield constraint. Similar to the sandy soil
results, CGT led to a significant increase in SOM. Na, Ca, and Mg concentrations
were also affected by biochar treatments, with PP biochar-amended soils having
the highest concentrations of these elements.

The NOs-N levels were generally very high in the fine textured soil relative to the
coarse textured soil, except for the CGT treatment, which was very low (Table
5.2). NOs-N was significantly highest under the PP biochar treatment followed by
YW. The reason for the very low level of NOs3-N for CGT treatment in fine
textured soil is not clear, however, similar observation was made in the coarse
textured soil in which the NO3-N was quantitatively the lowest, though not
significantly different. One possible explanation is that the CGT contained
sufficient quantity of labile carbon such that soil microbial consumption of the
labile carbon led to immobilization of plant-available nitrogen (Deenik, et al.,
2010); this possibility is supported by the observation of some dark brown rather
than black components of the CGT biochar.

Similar to the coarse textured soil, the CGT treatment had the highest P and K
levels (Table 5.2) suggesting the possibility of nutrient additions to the soil
through biochar produced from CGT. For micronutrients in the fine textured soil,
Cu and Zn did not give any significant treatment effects, while Mn was highest in
YW biochar treatment and Fe was highest in PS treatment. Such increases in Fe
and Mn may not have significant crop management effects, however, since the
measurements for all treatments belong to the same crop management ranges
(medium for Fe and high for Mn (Flynn, 2012)).

5.4.3 Soil Quality Implications of This Study

This study has demonstrated the potential of biochar from different feedstocks for
soil amendment. While different biochars have shown the potential to add
nutrients such as nitrate, phosphate and potassium to the soil, care has to be taken
with respect to the potential of each biochar to cause soil salinity. Also, the
reaction of the soil to biochar produced from different feedstocks varies with soil
texture. The CGT biochar, with its higher mineral content, exhibits a great
potential to add organic matter to the soil and high quantities of nutrients such as
P and K in both fine and coarse textured soil (Brewer, et al., 2011); however, for
arid soils, the high level of salinity encountered in the CGT biochar-amended soil
may serve as critical limitation to the use of this biomass feedstock. In the coarse
textured soil, other biochars apart from CGT did not appear to deliver much
nutrient benefits to the soil, however, they did not raise the salinity of the soil
significantly when compared to the control treatment, indicating that they might
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be used for long term building of the soil organic matter and soil quality. In the
fine textured soil, though the control soil had initially high salinity, all the
biochars tend to lead to increased salinity, except the PS biochar. Therefore,
pecan shell biochar may be the best choice among the locally available feedstocks
for the clay soil when salinity is considered. In order to better understand the
effects of these biochar on soil quality, especially the effects on soil salinity,
biochar amendments need to be tested under real field conditions and under
different cropping systems.

5.4.4 Soil Moisture Desorption Results

An example of the data and the fitted model curves is show in Figure 5.1, as well
as the locations of definitions of field capacity (FC) and permanent wilting point
(PWP). Unimodal and bimodal van Genuchten model parameters are tabulated for
the biochar-amended soils in Tables 5.3 and 5.4, respectively, as well as the
estimated soil bulk densities and calculated available water capacities (AWC).

Sandy Loam-Cotton Gin Trash Biochar

50 O o '..r.v',', .

PWP @
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Figure 5.1 Water desorption curve data for cotton gin trash biochar-amended
sandy loam soil. pF = -log(h) where h is water tension in cm of water; unimodal:
water desorption curve using van Genuchten unimodal model data fit (van
Genuchten, 1980); bimodal: water desorption curve using van Genuchten bimodal
model data fit (Durner, 1994). Vertical lines indicate commonly-used definitions
of field capacity (FC) and permanent wilting point (PWP).
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Table 5.3. Soil bulk density, van Genuchten unimodal model parameters (van
Genuchten, 1980), and available water content (AWC) of biochar-amended soils
from water desorption measurements. AWC assumes field capacity at -33 kPa and
permanent wilting point at -1.5 MPa. PS: pecan shell; PP: pecan prunings; YW:
yard waste; CGT: cotton gin trash; number indicates replicate identifier from soil

incubation. *Model was fit after data from dewpoint potentiometer was included.
Soil | Biochar Bulk Or 0s 0] n AWC
Treatment Density | (cm® | (cm® | (cm™) (cm?
(gem?) | cm?) | cm?) cm™)
Control 3 1.48 0.054 10.346 |0.0116 |2.474 3.8
Control 4 1.45 0.113 [0.375 |0.0100 | 2.465 4.2
PP 3 1.26 0.232 [0.512 |0.0113 |2.322 4.6
c PP 3* 1.26 0.133 [ 0.519 |0.0146 1.534 13.8
s CGT 2 1.33 0.109 [0.412 |0.0107 |2.480 4.4
i CGT3 1.45 0.046 |0.343 |0.0098 | 2.663 3.9
k= YW3 1.40 0.081 ]0.392 |0.0120 |2.152 59
3 YW 4 1.41 0.083 ]0.380 |0.0104 |2.399 4.9
Control 3 1.22 0.051 [0.447 |0.0150 1.355 15.9
PS3 1.16 0 0.496 |0.0215 1.184 16.8
% PP 2 1.17 0.176 | 0.548 |0.0116 1.334 16.1
< PP 3 1.07 0 0.588 10.0148 1.182 21.0
> CGT 2 1.14 0 0.549 10.0137 1.216 21.1
&) YW 4 1.01 0.212 [0.608 |0.0129 1.458 15.9

In general, the unimodal van Genuchten model was able to fit the data well near
saturation but began to deviate from the tensiometer measured data as the water
tensions approached PWP. This deviation would result in an underestimation of
the AWC (Figure 5.1 and Table 5.3). The addition of available data from the
dewpoint potentiometer for the sandy loam amended with pecan pruning biochar
caused a substantial change in the fitted model parameters and increased the
estimated AWC from 4.6 to 13.8 cm® cm™. This additional data supports the
likelihood of the unimodel model underestimating the AWC.

For the sandy loam soils using the unimodal model fit, amendment with biochar
did not appear to impact the AWC, except for the yard waste biochar, which
showed a slight increase in AWC. More data is needed to determine if this
increase is statistically significant. For the clay loam soils using the unimodal
model fit, amendment with all of the biohcars except for the yard waste biochar
appeared to increase the AWC, although only slightly. Again, more data would be
needed to determine statistical significance.
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Table 5.4. Van Genuchten bimodal model parameters (Durner, 1994) and
available water content (AWC) of biochar-amended soils from water desorption

measurements. AWC assumes field capacity at -33 kPa and permanent wilting

point at -1.5 MPa. PS: pecan shell; PP: pecan prunings; YW: yard waste; CGT:

cotton gin trash; number indicates replicate identifier from soil incubation.

*Model was fit after data from dewpoint potentiometer was included.
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Soil | Biochar Or 0s al ni o2 n2 w2 AWC
Treatment (cm® | (ecm® | (cm™) (cm™) (cm?
cm®) | ecm?) cm™)
Control 3 0 0.350 | 0.0099 | 4.557 | 0.0176 | 1.487 0.646 | 7.9
Control 4 0 0.380 | 0.0084 | 4.500 | 0.0198 | 1.260 0.669 | 9.8
PP 3 0 0.517 |0.0099 | 4.474 | 0.0185 | 1.179 0.764 | 13.8
. PP 3* 0.074 | 0.516 | 0.0099 | 4.599 | 0.0170 | 1.254 0.739 | 12.7
s CGT 2 0 0.384 | 0.0089 | 5.844 | 0.0127 | 1.474 0.744 | 11.5
i CGT 3 0 0.344 | 0.0094 | 7.018 | 0.0107 | 1.771 0.733 | 8.5
2 YW 3 0 0.393 ]0.0118 | 3.655|0.0124 | 1.430 0.693 | 11.6
3 YW 4 0 0.384 | 0.0090 | 5.841 | 0.0129 | 1.474 0.744 | 114
Control 3 0 0.445 ] 0.0211 | 1.936 | 0.0041 | 1.330 0.703 | 18.8
PS 3 0.213 |1 0.494 | 0.0269 | 1.493 | 0.0020 | 2.561 0.262 | 11.9
% PP 2 0.257 |1 0.548 | 0.0129 | 1.468 | 0.0021 | 5.469 0.052 | 12.4
< PP 3 0.268 | 0.586 | 0.0209 | 1.498 | 0.0022 | 2.107 0.327 | 14.8
> CGT 2 0.211 | 0.547 |0.0234 | 1.697 | 0.0030 | 1.729 0.557 | 16.0
O YW 4 0 0.608 | 0.0135 | 1.536 | 0.0003 | 1.895 0.425 | 32.1

From the bimodal model parameters, it appeared that amending sandy loam soil
with pecan pruning and yard waste biochars increased the AWC by approximately
20-50%, which would be a substantial improvement if this difference were shown
to be significant. Cotton gin trash biochar amendment did not appear to affect the

AWC of the sandy loam soil. For the clay loam soil, amendment with biochar

appeared to actually decrease AWC with the exception of yard waste biochar. As
with the previous results, more data is needed to determine if these differences are
consistent across replications and statistically significant. For the bimodal model,

addition of the data from the dewpoint potentiometer decreased the estimated

AWC slightly.

Results from previous attempts to study the impact of biochar amendment on
AWC can be difficult to interpret depending on how FC and PWP are defined.

For example, the FC was defined as 10 kPa (pF = 2) for a study of grass biochar

added at four rates on a coarse sand soil (Jeffery, et al., 2015), while FC was
defined as 6 kPa (pF = 1.8) for a study of maize silage biochar and hydrochar

added to two sandy soils and four loamy sand soils (Abel, et al., 2013). As can be
seen in Figure 5.1, defining FC at pF = 1.8 for the sandy loam soils here would

greatly increase the absolute values of the AWC measurements and should be
considered in future work. Another possibility is attempt to match the model
definitions with practical measurements as was done in a study of wood mill
waste gasification char study on a range of soils from loamy sand to silty clay
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loam; in this case, FC was defined by the moisture content of soil that no longer

wet a paper towel through drainage holes in the bottom of the pot and PWP was

defined as the moisture content when wheat seedlings wilted and did not recover
(Peake, et al., 2014).

5.5 Conclusions and Future Work

Amending clay loam and sandy loam agricultural soils with biochars from pecan
shells, pecan orchard prunings, and yard waste had few significant impacts,
positive or negative, on the soil quality indicators measured in this study after a
short soil incubation. Biochar effects were different for the two different soil
textures. Cotton gin trash biochar showed the greatest potential to increase soil
organic matter and plant nutrients, however, the increases in salinity for both soils
1s a serious concern.

Biochar application rate in this trial was very high (45 Mg ha™!), and the biochar
materials were ground to pass through 2-mm sieve before application to the soil in
order to accelerate the biochar’s interactions within the soil system. It is possible
that the effects seen in this trial, such as biochar’s impact on soil salinity, may not
be as severe if biochars are applied as larger fragments and at lower rates.

More research is needed on the effects of different biochar amendments on soil
quality and plant available water retention in arid agricultural soils. Trials
involving impacts of different sizes and rates of biochar are needed in arid
regions, to help balance the utility of this potential soil organic matter source
without delivering any negative side effect such as increased soil salinity. Work to
understand the effects of biochar amendment on AWC needs to include an
expanded set of instrumental data (tensiometer, dewpoint potentiometer, pressure
plate) and complementary data from plant measurements. For irrigated crop
systems, biochar amendments needs to be considered from both the soil water
desorption and adsorption directions.
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6. Outcomes of This Research

6.1 Research Capacity Building

This project served as the launching point for research laboratory and
collaboration development, and several student research opportunities for one new
assistant professor in Chemical & Materials Engineering (Brewer) and one
assistant professor in Extension Plant Science/Plant & Environmental Science
who has now been promoted to associate professor with tenure (Idowu). Funds
from this project, combined with faculty start-up funds, contributed to the
purchase and set up of several pieces of equipment, namely a lab-scale pyrolysis
system and additional test units for soil water retention equipment. Collaborations
were created or fostered between the Pls and researchers/staff at New Mexico
State University in the Institute for Energy & the Environment (IEE), the
Manufacturing Technology & Engineering Center, the Office of Sustainability,
the Department of Building & Grounds, and the Department of Plant &
Environmental Sciences, and with a research group in Chemical & Biomolecular
Engineering at Rice University. Two graduate students and two undergraduate
students received training in research methods, sample analysis, and laboratory
safety, as well as experience in conducting original research.

6.2 Theses, Publications, and Presentations

Work on this project has resulted in one manuscript under peer review, one
manuscript in revision, and two manuscripts in preparation (titles are tentative),
part of one in-progress Ph.D. dissertation, part of one completed M.S. thesis, and
four conference presentations:

Amiri, A., Brewer, C.E., Biomass as a renewable energy source for water
desalination: a review, in revision.

Zhang, Y., Idowu, O.J., Brewer, C.E., Using agricultural residue biochar to
improve soil quality of desert soils, under review.

Amiri, A., Zhang, Y., Idowu, O.J., Brewer, C.E., Design of biomass pyrolyzer-
multiple effect distillation system interface, in preparation.

Carrillo, B.D., Yamashita, F.M., Zhang, Y., I[dowu, O.]., Brewer, C.E., Biochar
impacts on soil water retention of desert agricultural soils, in preparation.

Amiri, A., Biomass as a renewable energy source for brackish water thermal
desalination, Ph.D. Dissertation, Engineering: Chemical Engineering, New
Mexico State University, expected Fall 2016.

Zhang, Y., Design of biomass pyrolyzer-multiple effect distillation system
components for laboratory testing, M.S. Thesis, Chemical Engineering, New

Mexico State University, June 2015.
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Amiri, A., Brewer, C.E., Idowu, O.J., Aspen simulation of biomass slow
pyrolyzer-multiple effect distillation (MED) prototype, 1%t Annual Rocky
Mountain Section American Water Works Association/RMWEA Conference,
Albuquerque, NM, April 30, 2015.

Zhang, Y., Amiri, A., Brewer, C.E., Idowu, O.J., Design and testing of biomass
pyrolyzer-multiple effect distillation system components for laboratory testing,
2015 American Institute of Chemical Engineers Spring Meeting, Austin, TX,
April 28, 2015.

Amiri, A., Brewer, C., Zygourakis, K., A partial-combustion model for an energy
+ biochar reactor design, 2014 American Institute of Chemical Engineers Annual
Meeting, Atlanta, GA, November 16, 2014.

Amiri, A., Brewer, C.E., Design of a biomass slow pyrolyzer-multiple effect
distillation (MED) prototype, Symposium on Thermal and Catalytic Sciences for
Biofuels and Biobased Products, Denver, CO, September 3, 2014.

6.3 Follow-On Proposals

Research conducted during this project has resulted in the submission of two
directly related follow-on proposals, the first of which was funded and recently
competed, and the second of which was not funded but did progress to Phase II
consideration and is currently be revised for resubmission:

“Construction of MED Component of Pyrolysis-Desalination Unit for Resiliency
Testing”

NMSU Institute of Energy & the Environment Tier 1 Supplemental Extension
8/1/14-7/31/15, $104,237, PI: Brewer

Construction and testing of a lab-scale prototype of the multiple effect distillation
(MED) component of a biomass pyrolysis-water desalination unit.

"Halophytes and Biochar for Desalination Concentrate Management"

US Department of Interior/Bureau of Reclamation Desalination and Water
Purification Research & Development

12/1/15-12/31/16, $149,977, Pls: Brewer, Rastegary, Idowu

Collaborations fostered through this research project have resulted in the
submission of three additional related proposals, the first of which was funded
and is underway; the other two of which are currently pending:

“Sustainable Use of Biomass Resources in a Semi-Arid Landscape: Connecting
Chemical Engineering, Soil Science, and Extension”

USDA NIFA National Needs Fellowship

7/15/15-7/14/20, $241,000, PIs: Brewer, Ulery, Idowu, Archarya, Rockstraw
A multidisciplinary graduate fellowship program with training in chemical
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engineering and soil science. This program will prepare four fellows (2 MS, 2
PhD) to address the challenges of producing food, fiber, and fuel from biomass
while improving soil quality in water-limited regions.

“Invasive Plant Biomass Conversion to Biochar: A Conservation Practice to
Restore Ecosystem Health”

USDA Natural Resources Conservation Service Conservation Innovation Grant
10/1/15-9/30/18, $577,666, Pls: Ganguli, Bockness, Sterling, Brewer, Ulery,
Conley, Brown

Collaboration with range sciences from several universities to study the use of
slow pyrolysis in the field to mitigate the spread and damage from woody
invasive species.

“Holistic Approach for Sustainable Agriculture”

USDA AFRI Water for Agriculture

1/1/16-12/31/19; $10,000,000, PIs: Ghassemi, et al.

Large, multi-institutional, long-term integrated research, extension and education
project focusing on water desalination techniques, use of algal and halophyte
biomass, algal food products, and on-farm nutrient, water and energy use.

6.4 Other Products

Other products that are the result of this project include:

e soil samples amended with biochars made from local biomass that are
available for further analysis and study;

e an Aspen Plus® simulation file allowing model experimentation with
different scales and conditions for the biomass pyrolyzer-MED interface;

e apress release and extension materials about the biochar-amended soil
analysis results (in preparation); and

e a webpage describing the project and results:
http://wordpress.nmsu.edu/cbrewer/projects/
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Appendix: Data Record

Table A.1 Yields of biochar and bio-oil from lab scale slow pyrolysis

Material Feedstock | Biochar | Yield of | Collected | Yield of
(2) (2) biochar bio-oil bio-oil
(%) (8) (%)

Pecan Shell 242.1 66.8 27.6 44 18
Pecan Prunings 250.7 87.7 35.0 33 13
Yard Waste 195.0 61.5 31.5 33 17
Cotton Gin Trash | 252.3 106.1 42.1 28 11
Table A.2 Moisture content of biochars and feedstocks

Product Sample + | Wet Dry Moisture

holder (g) | sample (g) | sample (%)
(2)

Pecan Shell 6.04 5.17 5.83 39

Pecan Prunings | 2.87 1.95 2.79 4.3

Yard Waste 2.23 1.27 2.20 2.4

Cotton Gin 3.49 2.83 3.39 33

Trash

Feedstock

Pecan Shell 24.26 22.04 22.99 5.8

Pecan Prunings | 23.47 21.02 22.27 5.7

Yard Waste 25.91 23.92 24.91 4.2

Cotton Gin 14.60 12.92 13.81 6.1

Trash
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Table A.3 Ash contents of biochars and feedstocks.

Products Rep. Crucible | Sample + Ash + Ash content
(2) crucible (g) | crucible (g) | (%)
Pecan Shell 1 12.41 13.41 12.45 4.19
2 12.43 13.37 12.47 4.27
Pecan Prunings 1 11.85 12.55 11.93 10.90
2 13.32 14.34 13.43 10.62
Yard Waste 1 12.02 12.47 12.09 16.96
2 17.79 18.41 17.92 21.90
Cotton Gin Trash | 1 12.93 13.70 13.14 27.58
2 18.06 19.31 18.49 34.54
Feedstock
Pecan Shell 1 16.02 16.59 16.03 1.74
2 17.19 17.74 17.19 1.08
Pecan Prunings 1 28.29 28.85 28.31 2.52
2 15.55 16.03 15.56 2.87
Cotton Gin Trash | 1 28.29 28.84 28.36 11.40
2 15.55 16.05 15.61 13.41
Yard Waste 1 16.02 16.56 16.04 4.39
2 17.19 17.69 17.21 5.02

Table A.4 Higher heating values (HHV) of biochars and feedstocks, measured by
bomb calorimetry.

Sample HHV (MJ/kg)
Feedstocks

Pecan shell 18.6 17.9
Cotton gin trash | 17.6 16.0
Yard Waste 23.5 20.2
Pecan prunings | 20.5 24.6
Biochars

Pecan shell 31.7 29.7
Cotton gin trash | 21.7 26.0
Pecan prunings | 32.6 29.4
Yard waste 28.5 34.4
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Table A.5 Analysis results for biochar-amended sandy loam soils after incubation. EC: electrical conductivity; SAR: sodium
adsorption ratio; OM: organic matter.
BiocharTrt | gy 1ol |EC [Mg |ca |Na [sar |om | N g p lzn | Mn |Fe |cu |2

N Saturation
dS/m | mg/kg g/kg | mg/kg

Control 1 7.40 | 0.582 {046 |1.87 |3.16 |2.93 |0.53 |1.05 234 | 621 |0.85]3.28 |2.89 |1.38 |27.04
Control 2 750 | 1.52 | 1.4 |4.83 |8.03 |4.55 047|147 25.0 |5.88 |0.85]3.28 |2.64|1.33|19.95
Control 3 7.40 | 2.26 |2.61 |8.58 |14.25]|6.02 |0.53 |10.8 283 |5.69 |0.87 |4.17 |2.56 | 1.08 | 21.97
Control 4 7.50 | 1.42 | 1.15 | 4.58 | 7.72 | 4.56 |0.66 | 1.44 26.0 |6.08 |0.85|3.03 |2.78 | 1.20 |22.15
YardWaste | 7.40 | 0.614 | 0.56 |2.08 | 3.6 3.13 |0.58 | 0.65 330 | 634 |0.82 (756 |2.39 |1.14 |29.17
YardWaste | » 730 | 1.14 | 1.8 |55 |5.0 262 |0.71 | 0.24 294 621 |1.0 |8.69 |2.58 |1.85 2534
YardWaste | 3 7.50 | 1.58 | 1.49 | 548 | 798 |4.27 |0.59 |291 374 | 621 |0.879.14 |2.52|1.0 |26.58
YardWaste | 4 7.50 | 1.68 |1.72 | 6.05|10.2 |5.17 |0.72 |3.72 40.8 [6.73 1091 |93 2.61 | 0.99 | 28.37
PecanSh 1 7.53 10.786 | 0.85 | 345|331 |226 |047 |191 29.1 | 647 |0.86 | 546 |2.81 |1.09 |24.89
PecanSh 2 7.50 | 1.22 | 1.15 |4.54 | 6.19 |3.67 |0.52 |5.87 346 |6.08 |09 |559 |285|12 |31.50
PecanSh 3 7.50 | 1.43 | 1.25 |5.09 | 7.58 |4.26 |0.51 |0.70 364 | 595 |0.86|647 |2.73|1.07 | 2593
PecanSh 4 740 | 1.67 | 1.68 |6.35|9.14 456 |0.44 |1.57 36.8 | 595 |091 |6.73 |2.7 |1.07 |26.46
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Table A.5, continued.
BiocharTrt | g0k [pH |EC [Mg |Ca |Na  [sar |om [N g Ip 7y |Mn |Fe |Cu |2

N Saturation
dS/m | mg/kg g/kg | mg/kg

CotTrash 1 732 | 441 | 828 |24.8 (948 |233 |1.420.70 204.0 | 23.3 |1.02 | 10.0 |2.68 | 1.03 | 27.81
CotTrash | 5 7.42 | 8.08 |18.6 [53.2|18.6 |3.10 |[0.93 |1.05 476.0 | 2597 | 1.05 | 12.71 | 2.14 | 0.85 | 32.15
CotTrash | 3 7.40 | 8.11 |[18.6 [559 194 |3.18 |1.18 |0.73 379.0 | 24.53 | 1.08 | 11.65 | 2.27 | 0.74 | 26.90
CotTrash | 4 7.50 | 7.86 |[19.7 |64.4 1205 |3.16 |1.11 |0.71 386.0 | 25.61 | 1.15 | 11.96 | 2.35 | 1.08 | 28.43
PecanTree | | 7.50 | 0.837 1 0.89 |3.73 |3.51 [231 |047|1.18 32,5 | 833 |1.05|7.57 |2.52]0.78 | 28.07
PecanTree | 740 | 2.44 |3.18 | 104 | 11.5 441 |0.62 |1.66 484 | 7.13 |1.12 | 895 |2.58 | 1.05 | 29.48
PecanTree | 3 7.40 224 |28 946 |11.3 |4.56 |045|1.21 42.0 634 |1.11 | 837 |2.73 | 1.14 | 26.83
PecanTree | 4 730 | 2.47 [3.38 [11.8 |11.5 |4.17 |0.49 | 6.94 484 16.6 1.2 | 861 [2.61 |1.02]26.85
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Table A.6 Analysis results for biochar-amended clay loam soils after incubation. EC: electrical conductivity; SAR: sodium adsorption
ratio; OM: organic matter.

BiocharTrt | pock [pH | EC [Mg |Ca |Na |SAR |oM [N Ip za |Mn [Fe |Cu |2
N Saturation
dS/m | mg/kg g/kg | mg/kg
Control ! 6.90 [6.02 |12.6 |41.8 [209 |4.01 [131 1289 |634 |11.09]0.86 542 |3.35 199 |41.93
Control 12 690 | 6.86 | 138 |452 |25.1 |4.62 |1.17 922 |556 |11.8 |0.87 |4.26 [3.50 | 1.49 |44.90
Control 3 690 [6.18 | 12.1 |423 |21.6 |4.14 [1.15 1093 |58.2 [12.52]0.74 [3.82 |3.42 | 144 |51.79
Control | 4 6.90 [836 | 168 593 [262 |425 |[1.11|2154 |63.9 [134 |1.05|4.55 |3.26 435 |45.82
YardWaste | | 7.00 |8.61 |17.0 |59.7 |29.8 |4.81 |1.26 (2839 |828 |12.09|536 |8.03 |3.06|143 |54.05
YardWaste | 2 6.80 | 108 [24.6 | 859 |439 [591 |1.32|3456 |89.1 |12.67|0.78 |7.67 [2.77 | 132 |43.11
YardWaste | 3 6.88 | 144 |30.7 | 114.0]59.1 |6.95 |147 |5853 |98.2 |12.52|0.85 |8.68 [2.55|1.69 |46.90
YardWaste | 4 6.90 [ 142 |263 |120.0 453 |530 [1.28 6503 |95.9 [12.82]0.75 849 |2.47 | 148 |53.49
PecanSh 1 710 |53 956 326 | 198 |431 |1.14 |418 |54.6 |1224]0.82 |6.53 |3.67 | 1.41 |44.07
PecanSh |2 7.10 | 7.35 |15.0 | 507 |252 |440 |1.19 |1102 |733 |13.7 [0.90 |7.19 |3.35|1.44 |39.47
PecanSh 1 3 7.00 821 [164 [543 [31.0 |521 |125|149.6 |71.0 |12.67]0.93 |6.52 |3.51 [1.77 | 41.83
PecanSh | 4 6.90 | 9.03 |20.8 | 704 |37.6 |557 |122]250.0 |80.2 |[12.09|1.14 |7.61 |3.87 |1.73 |42.29
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Table A.6, continued.
BiocharTrt | g0k [pH |EC | Mg |Ca [Na |sarR |om [Nl 1p  lzn |Mn |Fe |cu |2
N Saturation
dS/m | mg/kg g/kg | mg/kg
CotTrash | | 7.10 [ 9.82 255 |70.1 [36.6 |529 [1.95]1.69 |257.0|27.82|1.07 |8.65 |2.80 |1.22 |47.04
CotTrash | 7.10 | 9.55 |24.5 |67.6 |344 [507 |159]0.52 |249.0 | 28.57 | 1.06 | 8.45 |2.63 | 1.79 | 45.08
CotTrash | 3 7.00 |8.95 [21.4 |61.3 |355 |552 |1.77 [134 |266.0 |28.57 | 1.02 [8.55 [2.97 | 1.72 | 44.08
CotTrash | 4 7.10 | 8.15 | 204 |59.0 |34.4 |546 |224 042 |234.0|2838|1.13 |9.40 [2.97 | 2.15 | 44.24
PecanTree | 6.90 | 149 |31.0 |125.0|56.8 |[6.43 |1.20 |661.4 |107.0|12.09 | 1.04 [6.49 |2.61 | 1.67 | 39.06
PecanTree | 2 6.80 | 18.1 |484 |174.0|77.5 |7.35 |1.32[9304 |126.0|11.66|1.30 |8.35 |2.10 |2.28 | 40.03
PecanTree | 3 6.80 | 17.20 | 36.2 | 146.0 | 67.2 |7.04 |1.17 | 9958 |122.0 |12.09 |1.14 |7.19 |2.22 | 1.86 | 40.62
PecanTree | 4 7.02 | 11.8 [254 |[87.9 |50.1 |6.66 |1.26|450.1 |98.1 |12.52[1.29 |8.06 |2.91 |2.41 |43.56
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