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ARTICLE INFO ABSTRACT

Many waste ceramic materials and glasses (CerG) such as glass, concrete, pottery, porcelain, brick, and tiles are
landfilled because they have been recognized to be less conducive to recycling. In this study, to enhance the
recyclability of ceramic materials and glasses, a linear model to minimize natural resource consumption of CerG
materials production is proposed. The model focuses on elementally based contents of substances in the CerG
materials. The model demonstrates a case for major industrial ceramic materials consisting of eleven oxides:
Al,03, B503, CaO, Fe,03, K,0, MgO, MnO, Na,0, P,0s, SiO,, and TiO, in Japan. In addition to the ceramic
materials and glasses within the eleven oxide systems, application of the same natural resources to by-products
or waste materials such as ironmaking slag and sewage sludge molten ash, are included in this analysis. In the
proposed model, for minimizing natural resource consumption to produce the target CerG, linear programming
was employed to assess waste generation and new production of CerG, subject to supply and demand balance
and elemental tolerance ranges of chemical compositions in CerG materials. Two discrepancies were found
between the proposed model and the characteristics of materials or usages of materials. Therefore, in the case
study, several kinds of CerG materials were not applicable in the analysis. Even though costs for recovered
materials restrict economic feasibility for recycling waste CerG, economic aspects were not taken into con-
sideration in the analysis. In addition, impurity contamination during recovery processes restricts recycling of
CerG. If those two factors (which may restrict the current recycling systems) were ignored, around two-thirds of
the current natural resource consumption for CerG could be reduced by promoting recycling in the case of Japan.
Further, new recyclable paths could be found by those analyses such as ironmaking slag for flat glass, glass
bottles, and glass wool; and sewage sludge molten slag for tiles.
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1. Introduction

Ceramic materials and glasses (CerG) have been used in natural
forms from ancient times (Ashby 2005) as stone, flint, and pottery.
Recently, industrial CerG such as porcelain, fused silica, cement, re-
fractories, and soda-lime glass, have been widely used. The CerG and
raw materials for these are produced in large amounts (USGS 2017):
4.20 billion tonnes of cement, 700 million tonnes of wollastonite, 350
million tonnes of lime, 56 million tonnes of clays, 53 million tonnes of
soda ash, and 23 million tonnes of feldspar were produced in the world
in 2016. On the other hand, their end-of-life materials are hardly re-
covered and recycled, except for concrete recycling for construction
aggregates and cullet glass recycling (Jani and Hogland 2014; Santos
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et al., 2017). Meanwhile, their raw materials are abundant and prac-
tically inexhaustible; large amounts of waste are generated and dumped
into landfill sites every year (Du and Tan 2013; Jani and Hogland
2014). In addition, greenhouse gas emissions associated with the
mining and transportation of the large amounts of raw materials and
the production of the materials should not be ignored (Jani and
Hogland 2014). Madivate et al. (1996) revealed mechanisms of the
energy requirement in reactions and proposed measures for energy
saving such as using cullets, replacing carbonates in the glass batch
with corresponding hydroxides, and reducing the melting temperature.
Therefore, recycling of CerG can effectively contribute to reducing the
amounts of dumping and GHG emissions associated with CerG pro-
duction.
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