
RU-14 

ANNUAL REPORT COMPREHENSIVE 

RESEARCH ON RICE January 1, 2021 – 

December 31, 2021 

 

PROJECT TITLE: Treatments to improve consistency in properties of rice ash for concrete  

& 
The anticipated costs and environmental impacts of centralized and decentralized rice straw bioenergy 

and bioash production 

 

 

PROJECT LEADER (include address): 

Sabbie Miller 

Department of Civil and Environmental Engineering 

University of California Davis 

2001 Ghausi Hall, One Shields Ave. 

Davis, CA, 95616 

 

 
PRINCIPAL UC INVESTIGATORS (include departmental affiliation):  

PI:  Sabbie A. Miller, Assistant Professor, Department of Civil and Environmental Engineering, 

University of California, Davis 

Co-PI:  John T. Harvey, Professor, Department of Civil and Environmental Engineering, 

Director, UC Pavement Research Center, University of California, Davis 

Co-PI:  Bryan M. Jenkins, Professor, Department of Biological and Agricultural Engineering, 

University of California, Davis 

Co-PI:  Alissa Kendall, Professor, Department of Civil and Environmental Engineering, 

University of California, Davis 

Co-PI:  Peter Thy, Project Scientist, Department of Earth and Planetary Sciences, University of 

California, Davis 

 

COOPERATORS: 

N/A 

 

 

LEVEL OF 2021 FUNDING: $31,837 

 

 
OBJECTIVES AND EXPERIMENTS CONDUCTED, BY LOCATION, TO 

ACCOMPLISH OBJECTIVES: 

The first component of work conducted over 2021 pertained to experimental ash treatments. 

This work focused on improving the consistency and increasing the reactivity of rice hull ash 

(RHA) produced in conventional biomass energy-systems for potential use in cement-based 

materials. The objectives of this work are outlined below: 

Objective 1.1: Assess the effects of grinding the ashes to improve surface area to volume 

ratios, and as a result, potentially improve reactivity. 

Objective 1.2: Determine the potential benefits from using portland-alkaline binders by 

exposing ashes to cost-effective alkaline solutions prior to mixing with portland cement. 
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Objective 1.3: Understand the ability to improving consistency by blending the RHAs with 

other mineral admixtures. 

The experiments and analysis to meet these objectives are: This work evaluates treatment 

methods for improving RHA performance for use as an SCM in cement-based materials. RHA 

from EnPower’s bioenergy facility in Williams, CA was collected in two different years and 

from two ash capture locations and were assessed to reflect ash variability. Treatments include 

milling to pass a #200 sieve, blending RHA with slag to produce a ternary cement binder, and 

alkali-activation of RHA-cement binders with NaOH. Assessments included: (i) compressive 

strength at 7 and 28 days to capture the effects of strength development; (ii) oxide composition 

of RHAs to determine changes resulting from treatments; (iii) X-ray diffraction (XRD) to assess 

phases of RHA, RHA blends, and cement; (iv) isothermal calorimetry to assess heat of 

hydration, which informs our understanding of cement behavior during curing. 

 

The second component of work conducted over 2021 pertained to the initiation of an 

economic and environmental assessment of rice straw ash (RSA). Specifically, this 

stage of work focuses on determining the expected costs and environmental impacts 

from using centralized and decentralized rice straw bioenergy and bioash production. 

The objectives of this work are outlined below: 

Objective 2.1: Develop inventories to facilitate cost and environmental impact 

comparisons. 

Objective 2.2: Assess economic and environmental impacts.  

Objective 2.3: Determine thresholds for producing rice straw ash to contribute to 

cost and environmental benefits. 

The analysis to meet these objectives is: This work includes quantification of 

different cost inputs, as well as different material, energy, and waste flows associated 

with producing RSA. Analysis will be conducted for use of centralized and 

decentralized combustion practices. Inputs will be used to determine economic and 

environmental impacts associated with each of the key processes in the 

acquisition/transportation of biomass, combustion of biomass, and production of 

concrete containing RSA. 

All experiments and/or analyses done to accomplish these objectives were 

performed on the University of California, Davis campus, with the exception of some 

surveys, which were administered off-campus. To complete some of this work, ash 

samples will be sent to an analytical facility off-campus to determine oxide 

composition in a timely manner. 

 

 
SUMMARY OF 2021 RESEARCH (major accomplishments), BY OBJECTIVE:  

Research is still underway; to date, the following major accomplishments have been 

made: 

Objective 1.1: The ashes had similar chemical compositions, and specifically SiO2 content, 

across production years, but a range of compressive strengths was achieved depending on the 

ash, the treatment method, and the water/binder ratio. Milling led to the highest compressive 

strengths in RHA-cement mortars and alkali-activation led to the largest decrease in compressive 

strength. 

Objective 1.2: Both milling and co-blending led to higher compressive strength mixtures 

than the untreated RHA mixtures. Milled RHA fly ash from 2014 and baghouse RHA from 2014 
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led to larger compressive strengths at 28-days than the corresponding control mixtures, 

indicating that this could act as a replacement for applications requiring similar compressive 

strengths. The co-blended mixtures did not exceed the control mixture strength; however, they 

decreased the cement content by 40% and may be suitable for applications where decreased 

strengths are an acceptable tradeoff for the large cement reduction. The RHA fly ash from 2014 

and baghouse RHA from 2014 lead to higher peak heat flows relative to the control mixtures for 

RHA with no treatment, milled RHA, and co-blended RHA mixtures. Both milling and co-

blending increased the peak heat flows indicating an improvement in reactivity. 

Objective 1.3: The hybrid-alkali-cement mixtures, while containing ~90% of the portland 

cement as the control, led to sharp reductions in compressive strength at both ages compared to 

the controls. Future research should work to optimize molar ratios and/or improve alkali-

activator selection. 

Objectives 2.1-3: The preliminary results from the environmental impact modeling suggest 

that RSA will have lower greenhouse gas (GHG) emissions from production than the production 

of portland cement (see Figure 1). This lower level of GHG emissions, which will be studied in 

greater detail over the coming year and updated with improved data, will be of great importance 

to the concrete market. The cement and concrete industries are frequently willing to pay a 

premium for materials that have desired properties and can lower GHG emissions for their 

products. 

 
Figure 1. Preliminary greenhouse gas emissions models for the production of RSA relative 

to portland cement. 

 

PUBLICATIONS OR REPORTS: 

A report has been compiled summarizing the experimental work performed and the 

findings from this research; this report is being submitted with this document. It is also 

anticipated that this report will be turned into a peer-reviewed publication. 

 

CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 

Previous work highlighted that a critical area for further study is to derive means to obtain 

consistent, reactive properties in the rice-based ashes. Current results indicate that milling could 

increase reactivity of the more recent rice hull ashes but may not be as effective at changing the 

ash composition. Blending hull ashes with slag shows higher levels of strength development for 

the ashes less prone to contributing to strength development. Initial results from the 

environmental impact assessment suggest the use of these ashes could be favorable to reduce 

GHG emissions if successful at acting as a partial replacement for portland cement. 
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Abstract:   

The market for supplementary cementitious materials (SCMs) has continued to grow over recent 

years, and agricultural ashes have been proposed as an alternative resource to meet this demand. 

The high silica content and global production of rice residues suggest that appropriate tailoring 

of rice hull ash (RHA) can lead to desired properties and scalability for use in cement-based 

materials. Further, pyrolyzing rice hulls could have dual-sustainability benefits if they are 

utilized for both generating energy and producing an SCM to reduce the demand for high-

emitting cement in concrete. This work evaluates treatment methods for improving RHA 

performance for use as an SCM in cement-based materials. Treatments include milling to pass a 

#200 sieve, blending RHA with slag to produce a ternary cement binder, and alkali-activation of 

RHA-cement binders with NaOH. The ash oxide composition and morphology, the heat of 

hydration of RHA-cement pastes, and the compressive strength RHA-cement mortars were 

evaluated. To examine effects of inherent variability between seasons and ash type, this work 

assesses two types of RHA from industrial biomass combustion from two different years. All 

RHA studied had high SiO2 (>94%) and amorphous contents (>96%). Milling RHA led to the 

largest improvement the strength of mortars with ~3-22% higher compressive strengths 

compared to the RHA without treatment. As expected, lower water to binder ratios (w/b) 

improve strength of all mortars; yet, higher water contents to attain desired workability were 

necessary in certain cases, suggesting future work should examine effects with water-reducing 

admixtures.  
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1. Introduction 

Concrete is the backbone of modern infrastructure. Conventional concrete is composed of 

Portland cement, water, fine aggregates, and coarse aggregates, with ancillary admixtures as 

needed. In this mixture, Portland cement traditionally acts as the primary bonding agent holding 

together the other constituents. Upon hydration, Portland cement and water form calcium silicate 

hydrate (abbreviated as C-S-H), calcium aluminate hydrates and calcium aluminate silicate 

hydrates (C-A-S-H), and calcium hydroxide (C-H), among others. C-S-H is the primary 

contributor to the strength of conventional cement-based composites.1 However, C-A-S-H can 

also contribute significantly to strength when present. Supplemental cementitious materials 

(SCMs), particularly pozzolans (silicates or aluminosilicates that can react with C-H in the 

presence of moisture), can be used to form C-S-H or C-A-S-H, depending on aluminous content. 

SCMs can act to partially replace Portland cement in concrete, and they can be used to control 

certain material properties (e.g., strength, heat of hydration, and durability). Further, the use of 

SCMs to partially replace cement could lower GHG emissions from the industry. The production 

of cement-based materials currently is currently responsible for ~8% of all anthropogenic 

greenhouse gas (GHG) emissions.2 These emissions are tied to the combustion of fossil fuels for 

thermal kiln energy and the decarbonation of limestone to produce clinker (a precursor to 

cement). Partial replacement of this cement with lower GHG emissions SCMs can reduce net 

emissions from the industry.3,4 However, depending on allocation methods used, the potential 

benefits to GHG emissions from SCMs such as fly ash and slags can be limited.5,6 Further, when 

post-industrial processes (e.g., transportation to concrete production facilities) are considered, 

SCMs could lead to burden shifting to other categories,5 such as air pollutants.5,7  

These beneficial aspects of SCMs must be considered within the context of scaling to the 
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substantial size of the cement and concrete industries. Approximately 4 billion metric tons of 

cement is produced each year,8 which corresponds to over 30 billion metric tons of concrete 

annually.9 Projections indicate that cement demand will increase 30% by 2050 (a 60% increase is 

anticipated in North America during that period).10 Coupled with this anticipated growth in the 

cement market, there has been escalating demands for SCMs: over the past 30 years, there has 

been a 10% increase in the use of such materials in blended cements,11 with additional amounts 

incorporated during concrete batching.12 For example, in 2017, clinker and cement production in 

the United States (US) consumed 2.5 Mt of fly ash, 886 kt of slags, and 18 kt of natural 

pozzolans.8 Yet, for fly ash, this demand represents just one third the total fly ash used in 

cement-based materials; an additional 12.8 Mt were mixed in during batching.12 As demand for 

cement and SCMs grows, resources available for conventional SCMs are declining;13 this trend 

suggests alternative SCMs may be necessary to meet the expected demand. Many alternative 

SCMs have been proposed in the literature including: biomass ashes,13–16 ground waste 

glass,13,15,17 ground limestone filler,13,15,18 and mineralized CO2 from carbon capture and storage 

systems.19,20  

The appropriate selection of these alternative SCMs can drive resource efficiency. 

Beyond the minerals necessary to manufacture cement, concrete production also directly 

consumes notable amounts of aggregates (~5 times larger than the mass of cement 21) and water 

(can be equal to the amount of cement 3). For example, in the US, there is a direct correlation 

between cement production and crushed rock, sand and gravel consumption,3 and in 2020 there 

was 89 Mt of cement produced22 with approximately 684 Mt of crushed rock, sand and gravel 

consumption.23,24 Further, when both water as a concrete constituent and water throughout the 

supply chain are examined, it has been shown that concrete production accounts for 9% of 
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industrial water withdrawals, which could exacerbate water stress and scarcity issues in already 

stressed regions.25 In both cases, improved concrete mixture design, which is typically reliant on 

appropriate use of SCMs, can benefit consumption of water and aggregate resources.3,4  

Of the alternative SCMs proposed, rice hull ash (RHA) has garnered interest both in rice 

producing regions in the US (e.g., within California26 and Arkansas27), as well as regions 

globally.28,29 RHA, the use of which in concrete was popularized in studies by Mehta,30,31 is 

formed from residue hulls from rice milling and subsequent combustion for energy production. 

RHA typically has high SiO3 (~60-90%) and CaO (~0-4%) content (dependent on combustion, 

treatment, and cultivation conditions),14,32,33 which can contribute to desirable hydration products 

when used as an SCM. Studies have found that RHA can replace cement in concrete and lead to 

similar or improve mechanical properties at later ages;32,34–38 though RHA preparation conditions 

and optimal replacement rates vary across studies. The dependance of RHA reactivity on the 

combustion temperature (which drives the amorphous silica content of the RHA) is well 

established in literature, with beneficial characteristics being recorded at lower combustion 

temperatures.16,32,39 Importantly, such lower temperatures may limit the achievable energy 

returns. An initial investigation into pre-combustion leaching methods, typically used to prevent 

slagging and reactor fouling in energy production,40–42 evaluated effects of such methods on 

RHA, with the goal of creating synergies between biomass energy production and desirable 

SCMs. Findings indicate that pre-combustion leaching increased SiO2, lead to decreases in some 

alkali oxides (e.g., K2O) and other trace minerals, and could contribute to larger late-age strength 

gain.32 However, combustion temperature was still noted as playing a significant role in the 

compressive strength of the RHA-cement material.32   

This work evaluates post-combustion treatments to improve RHA performance as an 
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alternative SCM in cement-based material production. As the optimal combustion temperature 

for energy production can differ from the best to produce highly reactive RHA, this work 

investigates mechanisms that increase reactivity of ashes produced from conventional electricity 

generation methods. The methods evaluated were: (i) milling to decrease particle size; (ii) co-

blending with other SCMs; and (iii) alkali-activated in a hybrid-alkali-activated material. These 

methods were evaluated in cement-based mortars produced at two water-to-binder (w/b) ratios.  

 

2. Methods and materials  

2.1. Materials and treatments 

RHA from 2014 and 2020 energy production was acquired from Wadham Energy 

Biomass Facility managed by Enpower Corp in Williams, California. The ashes were baghouse 

ash from 2014 (Bag14), fly ash from 2014 (Fly14), bottom ash from 2020 (Btm20) and baghouse 

ash from 2020 (Bag20). Distilled water was used as the mixing water for all mortar and paste 

mixtures produced. For alkali-activator treatment, a 50 wt% NaOH solution (Sigma-Aldrich, 

Burlington, MA) was used and diluted with distilled water to produce a solution. All cement-

based mixtures were produced with Type II/V Portland cement from BASALITE Concrete 

Products (Dixon, California). For mortars, silica-sand was used, which was acquired from the 

Esparto quarry in Esparto, California. 

Three treatment conditions were considered for each of the four ashes. As received ashes 

with no post-combustion treatments were used as a control. Milling as a post-combustion 

treatment was considered to reduce the particle size to improve reactivity.43,44 Milled RHA was 

prepared in a Retsch Planetary Ballmill using 3 mm Zirconium grinding medium in a Zirconium 

grinding jar to pass a #200 sieve (74um). Blending RHA with other SCMs was considered for its 
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potential improve the performance of RHA and allow for higher cement replacement levels.38 

Herein, ternary blends of slag, RHA, and Portland cement were prepared. Hybrid-alkali-cement 

mixtures, inspired by Roman concretes, have been proposed to improve certain performance 

characteristics of concrete.45,46 To explore the application of RHA in hybrid alkali-activated 

mixtures, RHA-cement blends activated with NaOH were designed to mimic oxide proportions 

used by Palomo et al. 45  

 

2.2. Mixtures and batching 

Mortar mixtures were produced using the proportions provided listed in Table 1 for 

compressive strength testing. Two w/b ratios were used to design mixtures with a binder-to-sand 

ratio of 2.5. Control mixtures with 100% PC as binder, 30% of PC replaced with slag, and 15% 

of PC replaced with LS fines were produced. No treatment RHA and Milled RHA mixtures 

contained 15% RHA binder with PC comprising the remaining 85% of the binder. A ternary-

blended binder with 30% slag, 10% rice hull ash, and 60% PC using the same replacement ratios 

as Gursel et al. 38 tested for RHA-PC-Fly Ash mixtures. Hybrid-alkali-cement mixtures were 

produced using the likely oxide composition of the Fly14 RHA and PC to design binder 

proportions with SiO2 / CaO molar ratios matching those used by Palomo et al. 45 (1.953) to 

produce a similar NaOH activated hybrid binder. Specifically, the binder was activated with a 

NaOH solution produced to match the solution density (1.2 g/mL, ~20 wt% NaOH) and the ratio 

of NaOH solution activator to powder precursor (the combined mass of cement and RHA) was 

0.4. NaOH was selected as an alkali-activator due to its accessibility and lower-cost compared to 

other alkali-activators (for example, NaSiO3 45).  

Mortar cube specimens measuring approximately 51 mm X 51 mm (2 inches X 2 inches) 
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were made following the mixing procedures in ASTM C109.47 Specimens were consolidated by 

vibration table for approximately 30 seconds prior to curing at <90% RH and 25C. After one 

day, specimens were demolded and then returned to the curing chamber to cure at <90% RH and 

25C until being removed at 7- or 28-days for compressive strength testing.  

 

Table 1. Mortar sample mixture proportions for compressive strength testing 

Mixture Names 

w/b 

ratio 

Constituent Proportions (kg per cubic meter of concrete)* 

PC Sand RHA LS Slag NaOHa Water 

PC Control 0.59 528 1321 0 0 0 0 312 

Slag - 30% 0.59 370 1321 0 0 158 0 312 

Limestone - 15% 0.59 449 1321 0 79 0 0 312 

No Treatment 0.59 444 1306 78 0 0 0 308 

Milled 0.59 444 1306 78 0 0 0 308 

30%Slag - 

10%RHA 0.59 315 1311 52 0 157 0 309 

Hybrid Alkali-

Activated 0.59 471 1324 20 0 0 39 313 

PC Control 0.47 564 1410 0 0 0 0 265 

Slag - 30% 0.47 395 1411 0 0 169.33 0 265 

Limestone -15% 0.47 479 1410 0 85 0 0 265 

Milled 0.47 474 1393 84 0 0 0 262 

30%Slag - 

10%RHA 0.47 336 1399 56 0 168 0 263 

Hybrid Alkali-

Activated 0.47 503 1414 21 0 0 42 266 
* PC - Portland cement, RHA - Rice Hull Ash, LS - Limestone powder, Slag - Ground blast furnace slag, NaOH - 

Sodium Hydroxide, Water - Distilled Water; aNaOH is reported as net mass without water 

  

2.4. Mineral properties 

The likely oxide content, trace elements, and mineralogy were determined by ACT 

laboratories (Ancaster, Canada). Likely oxide content was estimated through inductively coupled 

plasma optical emissions spectrometry (ICP-OES) using an Agilent 700 Series ICP-OES 

machine (Santa Clara, CA). Amorphous content was determined through semi-quantitative X-ray 

diffraction (XRD) analysis through an internal standard method by mixing samples with 
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corundum. Samples were then analyzed in a Bruker D8 Endeaver with a Cu anode. Crystalline 

minerals were identified using the PDF-4/Minerals ICDD database and amounts quantified using 

the Rietveld method using the known quantity of the internal standard.  

 

2.4. Compressive strength 

The compressive strength of cement-based materials is a key metric used in design. To be 

an effective cement replacement, the RHA needs to provide similar performance despite 

variations in agricultural practice and combustion conditions. To determine if any of the 

treatments improved consistency of RHA performance across ash type, the 7- and 28-day 

compressive strengths of RHA-cement mortar cube specimens following the procedure in ASTM 

C109.47 Cubes were tested using a CT-950 load frame under force control and an externally 

calibrated load-cell which allowed measurements to the nearest 44 N-force (10 lbs-force). Five 

specimens at each age were used to determine the average compressive strength of the mortar 

and standard deviation between compressive strengths of the same mortar mixture. 

 

2.5. Isothermal calorimetry 

Isothermal calorimetry was performed on paste mixtures to measure the heat of hydration 

of the mixtures over time. Paste mixtures with a mass of 5 grams were produced with a w/b ratio 

of 0.59 to match the higher w/b ratio of the mortar mixtures. For hybrid-alkali-cement pastes, 

mixtures were produced to mirror the activator and precursor ratios from the mortar mixtures; 

that is, the mass of NaOH in the solution (i.e., sans mass of water in the solution) was considered 

as part of the binder when calculating the w/b ratio of the hybrid alkali-activated pastes. For each 

calorimetry experiment, the powder constituents were placed in a 20 mL glass ampoule, and the 
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distilled water or NaOH activator solution (used for hybrid-alkali-cement mixtures only) was 

measured into syringes. The tips of syringes were dried and then dipped in silicon to prevent 

premature mixing of the powder and liquid components.  

The isothermal calorimetry experiments were performed in a TAM air isothermal 

calorimeter (TA instruments, New Castle, Delaware) with the internal temperature set to 25C. 

Reference samples of the same thermal capacity were made from inert sand. Before hydration 

and mixing, the temperatures of the samples and the reference samples were equilibrated in the 

calorimeter and then a baseline reading was take using the software package. For each sample, 

the liquid portion was injected over approximately 5 seconds, the time of injection was noted, 

and the sample was then mixed for ~1.5 minutes. After data collection finished, the software 

package was used to automatically correct the data using the baseline heat flow, and the noted 

liquid addition time was used to mark the correct reaction start time.  

 

3. Results and discussion 

3.1. Likely oxides, trace elements, and amorphous content 

To characterize the ash received and the effect of grinding on the amorphous content of 

the ash, the likely oxide composition and amorphous content of ground and unground ash was 

quantified. The likely oxides were also compared to the cement and the slag used in the mortars. 

As shown in Table 2, all ashes had high amounts of silica (SiO2), with silica contents ranging 

between approximately 94 and 96%. This is similar to the range for untreated RHA produced 

from Northern California rice hull crop in the same region as reported by Cunningham et al. 32 

and is also in the ranges reported in literature for RHA oxide compositions.14,33 The contents of 

Al2O3, Fe2O3, MnO, MgO, CaO, NO, and TiO2, all are lower than the values found for 
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commercially sourced slag and thus unlikely to cause adverse effects in the mortar or concrete 

mixtures. Both K2O and P2O3 are higher than the slag and Portland cement, ranging between 2 to 

3.5% for K2O and 0.2 to 0.6% for P2O3. The differences between untreated and milled RHA 

were limited. When comparing the same ashes, all differences in likely oxide composition across 

treatments were less than 0.5%. The amorphous content also varied little between the untreated 

and milled RHA. The greatest differences measured for amorphous content were a 1.3% increase 

in amorphous content after milling for Bag20 ash and a 1.2% decrease in amorphous content 

after milling for the Btm20 ash. For the other ashes, amorphous content before and after milling 

varied by ≦ 0.2%.  

 

Table 2. Likely oxide composition of rice hull ashes, slag, and cement and the percent 

amorphous of the rice hull ashes from semi-quantitative XRD analysis (n = 1) a 

Material 
Milled No Treatment   

Fly14 Bag14 Bag20 Btm20 Fly14 Bag14 Bag20 Btm20 Slag Cement 

SiO2 (%) 94.10 95.12 96.09 95.90 94.14 94.96 96.26 96.16 33.10 22.62 

Al2O3 (%) 0.24 0.16 0.07 0.09 0.22 0.17 0.06 0.08 15.38 3.78 

Fe2O3 (%) 0.18 0.14 0.09 0.10 0.18 0.16 0.10 0.10 0.43 3.58 

MnO (%) 0.18 0.14 0.11 0.11 0.18 0.15 0.11 0.11 0.26 0.05 

MgO (%) 0.39 0.32 0.23 0.25 0.39 0.33 0.21 0.23 8.31 2.16 

CaO (%) 0.67 0.51 0.36 0.40 0.66 0.53 0.34 0.38 39.79 66.89 

Na2O (%) 0.11 0.10 0.07 0.07 0.11 0.08 0.07 0.06 0.36 0.08 

K2O (%) 3.53 3.05 2.64 2.71 3.50 3.09 2.54 2.59 0.43 0.54 

TiO2 (%) 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 1.93 0.18 

P2O5 (%) 0.59 0.44 0.35 0.36 0.59 0.53 0.31 0.29 0.00 0.11 

Crystalline (%) 2.2 2.3 2.4 3.6 2 2.4 3.7 2.4 - - 

Amorphous 

(%) 

97.8 97.7 97.6 96.4 98 97.6 96.3 97.6 - - 

a due to rounding, values for each ash may not sum to 100 

 

The trace elements are presented in Table 3. For Ba, Sr, Sc, Y, Be, and V, the amount 

detected in the RHA was at or below the levels detected in the cement mixtures. The trace 

elements in the cement were equal or greater than approximately 6 times larger for Ba, 48 times 
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larger for Sr, 1.5 times larger for Y, and 11 times larger than V. Thus, using RHA as a partial 

replacement for cement would lower the overall amounts of these elements. Differences for Ba 

and Sr between untreated and milled RHA were at most 2 ppm. For the milled condition, Zr 

increased, reflecting trace contaminants introduced from the Zr milling jar and medium during 

milling. While Zr increased for all the milled ashes, the amounts for the milled Fly14, Bag20, 

and Btm20 ashes remained lower than for the cement. The amount for Bag14 (89 ppm) was 19 

ppm higher than the cement; however, the trace amounts of Zr in the commercially available slag 

is still 3.5 times higher.  

 

Table 3.Trace elements of rice hull ashes, slag, and cement (n = 1)a 

Material Ba (ppm) Sr (ppm) Y (ppm) Sc (ppm) Zr (ppm) Be (ppm) V (ppm) 

Detection Limit 2 2 1 1 2 1 5 

M
ill

ed
 

Fly14 28 22 3 - 60 - - 

Bag14 20 16 7 - 89 - 6 

Bag20 13 12 1 - 22 - 7 

Btm20 14 13 4 - 54 - - 

A
s 

re
ce

iv
ed

 Fly14 26 22 - - 3 - - 

Bag14 20 17 - - 5 - - 

Bag20 12 12 - - 4 - 7 

Btm20 13 12 - - 4 - 5 

Slag 604 686 62 28 317 9 72 

Cement 172 1069 11 4 70 - 83 
a ‘-’ indicates the value was below the detection limit for the trace element evaluated. 

 

3.2. Compressive strength 

Compressive strength testing of cement-based mortars containing RHA as a partial 

cement replacement was performed at 7-day and 28-day ages to determine effects of RHA post-

treatment methods on early-age mechanical properties of the mortars. The compressive strengths 

of the RHA-cements mortars were compared to the controls made with only PC, with 30% slag 
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replacement, and with 15% limestone replacement (Table 4 and Figure 1). All mortars 

evaluated increased in compressive strength from 7-day to 28-days, as expected. Also as 

anticipated, the compressive strengths at both 7- and 28-day ages were higher for the mortars 

with lower w/b ratio than the mortars with higher w/b ratio.  

 

Table 4. The 7- and 28-day compressive strengths of PC control, slag control, limestone control, 

and rice hull ash mortars. (n = 5) a 

w/b 
ratio  

age (Days) 
No Treatment Milled 30%Slag-10%RHA Hybrid Alkali-Activated 

7 28 7 28 7 28 7 28 

0.59 

PC Control 
35.8 
(2.4) 

53.1 
(3.3) 

      

Slag (30%) 
27.1 
(2.1) 

44.5 
(5.3) 

      

Limestone 
(15%) 

21.8 
(0.2) 

36.3 
(1.2) 

      

Fly14 
33.6 
(2.0) 

44.2 
(2.9) 

33.7 
(0.9) 

45.4 
(3.4) 

26.0 
(0.4) 

44.6 
(0.6) 

9.2 

(0.4) 
15.3 

(0.4) 

Bag14 
32.6 
(1.7) 

41.1 
(1.9) 

34.2 
(3.1) 

50.1 
(3.2) 

24.3 
(1.3) 

40.0 
(3.2) 

8.7 

(1.3) 
16.0 

(0.5) 

Bag20 
27.9 
(2.5) 

38.4 
(2.6) 

29.1 
(3.0) 

39.9 
(3.8) 

22.9 
(1.4) 

41.1 
(1.0) 

8.7 

(0.7) 
14.3 

(0.4) 

Btm20 
20.4 
(1.0) 

29.6 
(1.9) 

25.0 
(1.5) 

36.1 
(2.0) 

20.1 
(2.2) 

33.0 
(2.9) 

8.1 

(0.4) 
13.2 

(0.8) 

0.47 

PC Control 
52.7 
(3.3) 

64.9 
(1.7) 

      

Slag (30%) 
45.6 
(2.8) 

66.4 
(6.6) 

      

Limestone 
(15%) 

37.9 
(4.2) 

50.1 
(5.6) 

      

Fly14 - - 
49.5 
(3.0) 

67.7 
(3.0) 

38.8 
(0.6) 

53.2 
(5.3) 

13.9 

(0.4) 
21.0 

(0.8) 

Bag14 - - 
55.1 
(1.6) 

74.5 
(2.2) 

41.1 
(1.5) 

63.0 
(2.0) 

14.7 

(0.2) 
23.5 

(0.5) 

Bag20 - - 
46.3 
(4.2) 

56.3 
(8.2) 

33.3 
(1.9) 

52.2 
(0.8) 

14.0 

(1.2) 
18.9 

(5.1) 

Btm20 - - 
41.6 
(4.8) 

57.3 
(4.9) 

30.0 
(2.5) 

45.5 
(3.8) 

12.6 

(0.7) 
19.5 

(1.1) 
a values in parenthesis are the standard deviation between samples. ‘-‘ indicates no mortars produced for this 

condition 

 

Compared to the PC only control mortar, the mortars with untreated RHA and w/b ratio 

of 0.59 had lower compressive strength by ~2-15 MPa (~5-43%) at 7-days and ~8-24 MPa (~16-
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44%) at 28-days. The mortar made with the Fly14 RHA had the highest strength among the 

RHA-mortars at both ages, with approximately 2 and 8 MPa lower strength than the PC-control 

for 0.59 w/b ratio at 7 and 28-days, respectively. At the 0.47 w/b ratio, the 7-day strength of the 

Fly14 mortar was ~3 MPa lower and 28-day strength was ~3 MPa larger than the PC-control. 

Milling the RHA resulted in improved compressive strength, with reductions of ~2-10 MPa (~5-

30%) for 7-days and ~7-17 MPa (~5-32%) for 28-days at a w/b ratio of 0.59. These tighter 

ranges in strength suggests that milling led to more consistent RHA performance as an SCM. At 

the higher w/b ratio, milling RHA led to an increase of ~2 MPa (~4%) for the Bag14 RHA 

mortars at 7-day. However, strengths decreased by ~3-11 MPa (6-21.21%) for the other ashes at 

7-days. At 28-days, an increase of ~3 MPa (~4%) was found for Fly14 RHA mortar and a ~9 

MPa (~15%) increase was found for Bag14 mortars, while the Bag20 and Btm20 mortars 

decreased in strength by ~9 MPa (~13%) and ~8 MPa (~12%), respectively. For RHA-Slag 

blends, compared to the PC-only control, strengths decreased by ~11-23 MPa (~22-43%) at 7-

days and by ~2-19 MPa (~3-30%) at 28-days.  

As with the conventional mortar mixtures evaluated, the hybrid-alkali-cement mortars 

had lower strength at the higher w/b ratio. With ~4% of the cement replaced with RHA, the 

hydrid-alkali-cement mortars had the lowest strength of the mixtures. At low concentrations, 

NaOH has been shown to reduce compressive strength development in Portland cement binders 

(~ 30% for 1.45 M NaOH solutions, compared to binders without alkali additions48–50), this 

factor may have contributed to the trend noted herein. The reductions in strength were greater in 

this work, with NaOH solutions of approximately 3 M and 3.9 M (for w/b ratios 0.59 and 0.47, 

respectively). Relative to the PC-control mixture, at a w/b ratio of 0.47, the 7- and 28-day 

compressive strengths were ~72-76% and ~63-70% lower, respectively; at a w/b ratio of 0.59, 
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the compressive strengths were ~74-77% and ~70-75% lower, respectively. These changes in 

strength are likely due to high concentration of NaOH retarding the cement hydration,51 possibly 

though slowing alumino-sulftate formation and producing a Na-based C-S-H 52,53 and Ca(CO)2.53  

While this increase in Na may contribute to the formation of a sodium-carbonate,51 the 

abundance of hydroxides may shift the equilibrium of cement hydration, and thus retard the 

formation of C-S-H.51  
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Figure 1. The compressive strength of the control and rice hull ash mixtures at 7-day and 28-day 

ages at both w/b ratios tested. Bars indicate standard deviation amongst samples. Note: control 

is PC only mixture. Strengths for limestone and slag controls are in Table 4. (n = 5). 



 15 

3.3. Isothermal calorimetry 

Isothermal calorimetry was used to evaluate the effect of the RHA treatment methods on 

the heat of hydration of the cement pastes. Figure 2 shows the heat-flow overtime for the 

conventional paste mixtures and pastes containing each of the RHA permutations; Figure 3 

shows the heat of hydration for the hybrid-alkali-cement pastes. For the pastes with untreated 

RHA (Figure 2a), the Bag14 and Fly14 RHA led to a small increase in the peak heat flow of 

approximately 0.19 and 0.23 mW/g-cement (~5 and 6%), respectively. The Bag20 and Btm20 

ashes exhibited a decrease in peak heat flows of 0.12 and 0.19 mW/g-cement (~ 5 and 3%), 

respectively. The peak heat flow of the control mixtures occurred approximately 11.6 hours after 

the introduction of water. The peak heat flow of the mortars with RHA occurred between 9.4 and 

11.1 hours, potentially indicating a minor acceleration in early hydration of the binder. For the 

pastes with milled RHA, there were slight increases in the peak heat flow relative to the 

untreated RHA-cement pastes. When milled, the peak heat flow for the Fly14-cement paste was 

0.19 mW/g-cement larger (~5% increase) and the Bag14-cement paste peak heat flow increased 

by 0.33 mW/g-cement (~9%) compared to the control. This increase in heat flow is likely related 

to the smaller particle size facilitating reactions.   
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Figure 2. Isothermal calorimetry results for paste mixtures with: (a) ash without treatment and 

cement (No Treatment), (b) cement-slag-ash (Slag), and (c) milled ash (Milled). With the left and 

column showing the heat flow over time for the 2-day testing period and the right column 

showing the region around the second hydration peak. 
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The pastes with 30%Slag-10%RHA-60%PC (Figure 2b) exhibited different behavior. 

Compared to the control, the peak heat flow for the Bag14 paste was 0.32 mW/g-cement (~9%) 

higher and the peak heat flow for the Fly14 paste was 0.25 mW/g-cement (~7%). The peak heat 

flow for the Bag20 RHA mixture was 0.03 mW/g-cement (~0.9%) lower than the control and the 

peak heat flow for the Btm20 RHA mixture was 0.11 mW/g-cement (~3%) lower than the 

control mixture. The peak heat flow of the blended RHA mixtures was higher than the untreated 

corresponding RHA, this is likely due to the cementitious properties of the slag. These results 

indicate that high amounts of cement replacement and similar heat flows can be achieved by 

blending multiple SCMs together.  

 

 

Figure 3. Isothermal calorimetry results for hybrid-AAM mixtures showing the heat flow for: (a) 

the full 2-day data collection, (b) the peak from 0 to 57 minutes, and (c) the predominant peak 

from 0 to 14 minutes. 
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The heat flow behavior of the hybrid-alkali-cement pastes exhibited much larger (~2-3 

times larger) initial peaks (Figure 3) relative to the control pastes. As shown in literature, NaOH 

additions to Portland cement (or to alite) led to an acceleration in the precipitation Ca(OH)2 in 

the binder mixtures.53,54 This precipitation could account for the large initial heat flow shown in 

Figure 3a and b. Additionally, it has been suggested that NaOH can lead to a decrease in and 

slower rate of C-S-H formation.51 This factor could be driving the recorded lower rate of 

hydration herein, where a notably small heat flow for the hybrid-alkali-cement pastes were 

recorded after ~1 hour of hydration. This heat evolution supports the earlier hypothesis noted for 

the compressive strength of the hybrid-alkali-cement mortar being affected by shifting hydration 

products driven by the high concentration of NaOH in the activator solution and abundance of 

hydroxides.  

 

4. Conclusion 

As the demand for concrete continues to increase, additional SCM resources will be 

needed. RHA has been a focus of research on biomass-derived SCMs, with the noted potential 

synergistic benefit of using the rice residue as a biomass energy resource in the generation of 

these SCMs. However, desirable production temperatures for RHA as an SCM are often lower 

than the combustion temperature for optimal energy generation. As such, this work evaluates 

common post-combustion processing strategies as means to improve the performance of RHA 

from conventional electricity generation as an SCM, namely: (i) milling to decrease particle size; 

(ii) co-blending with other SCMs (namely, slag); and (iii) alkali-activated in a hybrid-alkali-

activated material. Two RHA types from two years (four total) were evaluated including 

assessment of: chemical composition of the as received and milled ashes; the compressive 
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strength of RHA mortar specimens at two w/b ratios; and the heat of hydration of the RHA-

cement pastes. Key findings include: 

• The ashes had similar chemical compositions, and specifically SiO2 content, across 

production years, but a range of compressive strengths was achieved depending on the 

ash, the treatment method, and the w/b ratio. Milling led to the highest compressive 

strengths in RHA-cement mortars and alkali-activation led to the largest decrease in 

compressive strength. 

• Both milling and co-blending led to higher compressive strength mixtures than the 

untreated RHA mixtures. Milled Fly14 and Bag14 RHA led to larger compressive 

strengths at 28-days than the corresponding control mixtures, indicating that this could 

act as a replacement for applications requiring similar compressive strengths. 

• The co-blended mixtures did not exceed the control mixture strength; however, they 

decreased the cement content by 40% and may be suitable for applications where 

decreased strengths are an acceptable tradeoff for the large cement reduction.  

• The Fly14 and Bag14 RHA lead to higher peak heat flows relative to the control mixtures 

for RHA with no treatment, milled RHA, and co-blended RHA mixtures. Both milling 

and co-blending increased the peak heat flows indicating an improvement in reactivity. 

• The hybrid-alkali-cement mixtures, while containing ~90% of the PC as the control, led 

to sharp reductions in compressive strength at both ages compared to the controls. Future 

research should work to optimize molar ratios and/or improve alkali-activator selection. 

 

If RHA is to be more widely adopted as an SCM, methods to produce consistent ash 

across a wide range of combustion conditions (e.g., various pre-combustion treatments, 
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oxidization temperatures, and energy conversion technologies) and control for variations in 

feedstock that arise from different regional conditions and agronomic practices are needed. As 

such future research should be performed to understand the extent to which milling and SCM co-

blending can be used to deliver consistent performance in cement-based materials.  
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